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section 1 

INTRODUCTION 


The storage of cryogens in space requires the utilization of highly efficient 
insulation systems to prevent excessive and costly loss of these cryogens 
through boiloff. The insulation systems being considered for this application 
are called high performance multilayer insulation (MLI). These MLI systems 
consist primarily of numerous layers of reflective material which significantly 
decrease the heat transfer due to radiation. A separator material is placed 
between each reflector layer to minimize the heat transfer due to conduction. 


Previous MLI studies have principally addressed materials and design con- 
cepts applicable to single launch vehicles. Consequently, the additional 
design constraints associated with a reusable integrated launch and recovery 
vehicle (ILRV) require further studies. The additional design constraints 
which must be considered include the reentry environment, the reusability 
requirement, and the effect of environmental cycling resulting from reuse. 


The objective of this program was to define a conceptual design for an MLI 
system which will meet the design constraints of an ILRV used for 7- to 
30-day missions. The program was divided into ten tasks which are briefly 
described as follows? 

Task 1: Material survey and procurement, material property tests, 

and selection of composites to be considered. 

Task 2: Definition of environmental parameters and tooling require- 

ments, and thermal and structural design verification 
test definition. 

Task 3: Definition of tanks and associated hardware to be used, and 

definition of MLI concepts to be considered. 

Task 4: Thermal analyses, including purge, evacuation, and reentry 

repressurization analyses. 
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Task 5: 
Task 6: 

Task 7: 
Task 8: 
Task 9: 

Task 10: 


Structural analyses. 

Thermal degradation tests of composite and structural tests 
of fastener. 

Selection of MLI materials and system. 

Definition of a conceptual MLI system design. 

Evaluation of nondestructive inspection techniques and 
definition of procedures for repair of damaged areas. 
Preparation of preliminary specifications. 



Section 2 
SUMMARY 

Numerous candidate materials and system configurations were considered to 
accomplish the program objective of defining a conceptual design for an 
MLiI system which will meet the design constraints of an ILRV used for 7- 
to 30 -day missions. The effort to accomplish this program objective 
included numerous tests and analyses as well as defining conceptual designs. 
A survey of potential techniques for nondestructive inspection of MLI com- 
posites was also included. 

2. 1 MATERIAL SELECTION 

The basic components of an MLI composite are the reflector sheets, the 
separator material which reduces the thermal conduction between the 
reflector sheets, the face sheets which provide structural support for the 
composite, and the fasteners which hold these components together to form 
an integral composite. The materials selected for each of these components 
for a maximum use temperature of 350 °F are listed in Table 2-1. 

A goldized material. Double Goldized Kapton (DGK), was selected as a 
reflector because of its resistance to moisture degradation. Kapton was 
chosen over Mylar because Kapton has the capability of withstanding much 
higher temperatures and the manufacturer experienced fabrication problems 
with the double goldized Mylar (DGM), particularly at a film thickness of 
0.00025 inch or less. ’ 

Dacron net, style B4A, was selected as the separator material primarily 
because of its high thermal insulation performance and light weight. Also, 
test results indicated that the Dacron B4A net would provide the highest 
thermal performance, the lowest outgassing, and would meet the current 
cyclical temperature design criteria (maximum temperature of 350°F). The 
thermal analyses showed that the DGK/Dacron B4A composite offered the 
lowest system weight of the candidate composites using the DGK reflectors. 
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Table 2-1 

MLiI MATERIALS SELECTED 


Component 

Material 

Reflector 

- Double Goldized Kapton (25-30 gage) 

Separator 

- Dacron Net (Style B4A) 

F ace Sheets 


Outer surface of MLI composite 

- Nomex Fabric (Style HT-287) and 
Polyimide Resin v. 

Center of MLI composite 

- Nomex Fabric (Style HT-287) and 
Silicone Resin 

Inner surface of MLI composite 

- Nomex Fabric (Style HT-1287) and 
Silicone Resin 

F astener 

- Polysulfone - Astrel 360 


The use of Dacron B4A results in relatively higher layer densities but the 
increase in layer density resulting from 100 compressive load cycles was 
lowest (approximately 5 percent) for the DGK/Dacron B4A composite. 

The face sheets consist of a basic material with reinforced areas fabricated 
onto this material by impregnating these areas with a resin. Assuming 
adequate strength properties, the primary criterion for selection of a face 
sheet is its thermal contraction and expansion characteristics and its 
weight. Of those systems which could be used on the inner (cold) surface of 
the MLI and in the center of the MLI composite, the Silicone /Nomex HT-287 
system has the lightest weight and the closest match of thermal contraction 
characteristics to that of the DGK and Dacron B4A. Of those systems 

j*'. : 

which could be used on the outer (warm) surface of the MLI, the Polyimide/ 
Nomex HT-287 system appeared to be the best choice because of its light 
weight. 

The Astrel 360 Polysulfone material was selected as the fastener material 
because it has both the required temperature capability and fabrication - 
properties. ■ 


2.2 SYSTEM SELECTION 

Four MLI system configurations and concepts were considered. These 
included tank-mounted MLI with or without foam on the interior surface of 
the tank wall and non-tank-mounted MLI with or without foam on the interior 
surface of the tank wall. Purging of the MLI and the associated purge bag 
and plumbing hardware was included in each of these systems. A system 
with the MLI mounted on the tank surface was selected. A light-weight 
shroud supporting the MLI off of the tank surface was considered and showed 
an improved performance but the reduction in boiloff did not appear to be 
adequate to offset the increased weight due to the shroud. 

The MLI is prefabricated into panels which are then attached to the tank. 

Two panels, an inner and outer, are used to obtain the desired MLI thick- 
ness. The main panels are gore shaped to conform to the compound curva- 
ture of the tank and adjacent panels are butted together to completely cover 
the surface of the tank. Special panels are placed around the end domes of 
the tank, tank supports, and plumbing. 

The thermal analyses showed that, for the LH 2 tank MLI, a total of approx- 
imately 68 Layer pairs of DGK/Dacron B4A would be optimum for a 7-day 
mission and approximately 94 layer pairs would be optimum for a 30-day 
mission. For the LC >2 tank MLI, a total of approximately 83 layer pairs 
appears to be optimum for a 7- day 'mission and approximately 92 layer 
pairs for a 30-day mission. 

Concepts considered for purging and repressurizing the LH 2 tank MLI 

i 

included: (1) helium purge during ground hold and helium repressurization 
during reentry, with no foam; (2) helium purge and repressurization as in 
number 1, but with the minimum practical thickness (0. 5 inch) of foam; and 
(3) nitrogen purge of MLI during ground hold, helium repressurization during 
reentry, and with sufficient foam to prevent liquefaction of the nitrogen 
purge gas during ground hold. Helium must be used for repressurization 
during reentry because the tank temperature during reentry will be well 
below the liquefaction temperature of nitrogen. The analyses clearly showed 
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that, for the trajectories considered, the helium-purge and 
helium-repressurization-with-no-foam system provides the lowest system 
weight for the LH2 tank. It should be noted, however, that the use of foam 
in the system could prove to be desirable if the vehicle trajectories are 
altered to include a longer reentry period. 

Concepts considered for purging and repressurizing the LO2 tank were: 

(1) helium purge and repressurization, with no foam; and (2) nitrogen purge 
and repressurizing with no foam. The thermal analyses showed that the 
use of nitrogen as the purge and repressurization gas offered the lowest 
system weight. However, this did not include the potential reduction in 
weight and system complexity which would result from using common 
storage and control hardware for the repressurization gas for both the LH2 
and LO2 tanks. Also, it did not include any cost savings which would result 
from using common ground support equipment for the purge gas for the two 
tanks. A final decision as to the optimum choice between using nitrogen or 
helium for the LO2 tank MLI will depend on numerous factors beyond the 
scope of this study. The conceptual design for the repressurization system 
reported herein was formulated assuming that helium would be used to purge 
and repressurize the LO2 tank MLI. A selection of nitrogen in future studies, 
however, would alter only the repressurization system design. 

In the system concept selected, the purge and repressurization gases are 
introduced under the MLI at three locations near the strut attachment points 
on the tank equator. The purge gases, after having diffused through the 
MLI, exit the purge bag at the aft end of the tank. The repressurization 
gases which are stored on the vehicle are introduced into the MLI through 
the same inlet flow lines used for the purge gas. An estimated 8. 22 and 
3. 35 pounds of helium will be required to purge the LH2 and the LO2 tanks, 
respectively. The estimated helium gas requirement for repressurization 
is 2.4 pounds for the LH2 tank and 0. 9 pound for the LO2 tank. The evacua- 
tion of the MLI is facilitated by perforations in the reflector sheets and by 
four butterfly valves which open during ascent to vent the purge bag. 
Perforations in the reflector sheets, 0. 046 inch in diameter and spaced to 
provide a 0. 85-percent open surface area, were selected. 
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2. 3 THERMAL DEGRADATION TESTING 

The effect of numerous evacuation-repressurization cycles on the thermal 
performance of an MLI composite has been investigated on a MDAC IRAD 
program. One-hundred-and-one evacuation and repressurization cycles in a 
vacuum chamber were performed on a MDAC-developed and insulated heat- 
flux-gage calorimeter. The results showed that an improvement in thermal 
performance, not a degradation, may be expected with repeated pressure 
cycling. It is felt that this is primarily due to "fluffing" of the composite 
resulting from the gas flow through the MLI during evacuation and 
repressurization. 

An evacuated steady- state effective thermal conductivity (k) of approximately 
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2x10 Btu/hr ft°R was obtained for the 70-layer-pair DAM/Dacron B4A 
composite. The cold- and hot-side temperatures in the tests were -320° and 
70°F, respectively. This (k) value is in good agreement with data obtained 
in the flat-plate calorimeter tests at similar layer densities. 

2. 4 INSPECTION TECHNIQUE EVALUATION 

Of the several techniques evaluated for nondestructive testing of MLI, an 
induction coil technique showed greatest promise. Tests indicated that 
detecting corrosion as low as 2 percent of the surface area is feasible and 
that accurate measurements of the composite layer density or thickness 
could be obtained. 
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Section 3 

COMPOSITE MATERIAL SURVEY AND TESTING-TASK 1 

The objective of Task 1 was to obtain data on candidate MLI composite 
materials to facilitate material selection for an ILRV cryogenic tank appli- 
cation. This objective was accomplished by: (1) conducting a material 

survey, (2) selecting candidate materials, and (3) performing property and 
performance tests on these materials. The tests included separator 
thermal-performance screening, thermal cycling, effects of separator vola- 
tiles, moisture degradation, outgassing, thermal expansion, acoustic 
environment, flat-plate calorimeter, and effects of compression cycling on 
layer density. 

3. 1 MATERIAL SURVEY 

A survey of materials with potential for compatibility with ILRV environ- 
ments was conducted, and candidate materials selected. This survey 
included materials for a purge bag as well as all of the components in an 
MLI composite (reflectors, separators, face sheets, fasteners, and lacing 
buttons). The selection of the candidate materials included consideration of 
material configurations and vendors as well as selection of generic types. 

3, 1. 1 Reflectors 

As specified by NASA, the choice of reflectors was limited to metallized 
Mylar and Kapton films or aluminum foil. Mylar would not be expected to 
survive the original design temperature of 600° F but was included as a can- 
didate material for the cooler portion of a composite. An aluminum 
coating was selected for consideration because of its prior usage, relatively 
low cost, and availability. A gold coating was selected because alternative 
metallic coatings insensitive to moisture do not appear promising. Nichrome 
and titanium can be obtained, but only on a laboratory scale in small widths 
and at high cost. With these metals, coatings having adequate adhesion are 
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much thinner (40 to 60 Angstroms) than is usual for conventional reflectors. 
Gold coatings are much less sensitive to moisture than aluminum coatings, 
an important consideration for an ILR.V application. 

A double (both sides) coating on smooth films was considered the most 
attractive metallized configuration. Other types of metallized films — 
embossed, crinkled, or simply single-coated — were rejected because they 
have been shown to be unattractive in previous work (Reference 1). Single- 
coated materials curl under heat, and thin-gage embossed and crinkled 
materials are more sensitive to compressive loads than are smooth 
materials. 

Aluminum foils are available in a range of thicknesses from 0. 17 to 5. 0 mils. 
The very thin gage foil can be obtained only with a matte finish and can be 
expected to have relatively high emittance. Foils with two polished sides 
are relatively thick (0. 8 mil). Intermediate -thicknes s foils are polished on 
one side only. A 0. 17-mil (17-gage) foil is the lightest available, but users 
have indicated severe handling difficulties. A 0. 25-mil (25-gage) material 
was considered the better choice for a foil candidate, but is noncompetitive 
with Kapton because of its weight. 

In view of the above discussion, reflector materials selected (with concur- 
rence of MSFC) as initial candidates were double -goldized Kapton, double- 
goldized Mylar, and double -aluminized Kapton, 

Information pertinent to procurement of double -goldized Kapton, 
double -goldized Mylar, and double-aluminized Kapton was obtained and 
is presented in Table 3-1. Items of interest include minimum-buy 
quantities, unit cost, lead time, available widths, form, and vendor 
certification. Vendor certification was considered mandatory. Material in 
roll form was preferred to material in individual sheets. Wider widths 
were also preferred. Lead time was the same for all suppliers and there- 
fore was not considered in the selection. Norton can supply material in roll 
form but will not certify emittance properties in small quantities, 

Schjeldahl will certify but can supply materials only in sheet form and in 
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Table 3-1 

REFLECTOR MATERIAL SURVEY 


| Material Description 

Procurement Data 

Material 

Supplier 

Width 
(in. ) 

Form 

Weight 
(ft 2 / lb) 


Minimum Buy 

Unit Cost 
($) 

Lead 

Time 

(wk) 

Goldized 
Kapton 
25-30 Gage 

National 

Metallizing 

48 

Rolls 

480-500 

Will certify 
e £ 0. 025 

500 ftZ 
5, 000 ft 2 

4. 75 /ft 2 
2. 61 /ft 2 

4 


G. T. Schjeldahl 

18 

1.5 x 10 ft 
nheets 

480-500 

Will certify 
e £ 0. 025 

30 ft 3 

300-600 ft 2 
600-12, 000 ft 2 
4, 800-9/600 ft 2 

500 ft 2 _ 
19. 20/ft 2 
15. 80/ft 2 
12. 80/ft 2 

4 

Goldized 
Mylar 
25 Gage 

National 

Metallizing 

48 

Rolls 

550 

Will certify 
c £ 0. 025 

500 ft 2 
5, 000 ft 2 

4. 44/ft 2 
2. 06/ft 2 

4 


G. T. Schjeldahl 

36 

3 x 10 ft 
sheets 

550 

Will certify 
c £ 0. 025 

30 ft 2 

300-600 ft 2 
600-12, 000 ft 2 
4, 800-9. 600 ft 2 

500 ft 2 
14. 35/ft 2 
11. 80/ft 2 
9. 90/ft 2 

4 

Aluminized 
Kapton 
25-30 Gage 

National 

Metallizing 

48 

Rolls 

480-500 

Will certify 
c £ 0. 035 

2 lb 
11 lb 

1. 50/ft 2 
l. 00/ft 2 

4 


G. T. Schjeldahl 

18 

1.5 x 10 ft 
sheets 

480-500 

\ Will certify 
t £ 0. 035 

30 ft 2 
300-600 ft 2 
600-1, 200 ft 2 
4, 800-9, 600 ft 2 

500 ft 2 
7. 95 /ft 2 
6. 55/ft 2 
5. 25 /fT 

4 


Norton Co. 

48 

Rolls 

480-500 

Best effort 
only 

1 lb 

430/lb 

4 





















narrower widths, and at highest cost. National Metallizing (Cranbury, N. J. ) 
was therefore selected as the preferred supplier for these materials. 


3. 1. 2 Separators 

Numerous materials were considered for the separators. These included 
Beta glass, E glass, Nomex, Durette, Tissuglas, Dexiglas, inorganic felts, 
polyimide foams, polyimide honeycomb, asbestos, Teflon, PBI, Kynol, and 
nylon. Of these, the Beta Glass, Nomex, and Durette materials were 
selected. Beta glass and E glass have high strength and relatively high 
temperature tolerance. Beta glass is preferred over conventional E glass 
because of the much lower potential for abrasion with the Beta material. 
Nomex and Durette materials also have relatively high service-temperature 
stability. Durette is a chemically processed material and could therefore 
be unacceptable in some environments. Tissuglas (good high-temperature 
stability) is a potentially useful material, but in the past has been considered 
less promising than a net. Its fragility makes it particularly undesirable for 
an ILRY application. Dexiglas is weaker than Tissuglas. Inorganic felts are 
expected to fail in successive vibration environments. Polyimide foams are 
still in the development stage, and contaminating chaff can be expected with 
every foam. High abrasion of adjacent reflectors is one potential disadvan- 
tage of a polyimide honeycomb separator. The low strength and high mois- 
ture absorption of asbestos materials make them unattractive for an ILRV 
application. Teflon, polybenzimidazole (PBI), and Kynol appear to have 
potential as separator materials but their properties are not as well known 
as those of the Beta glass and Nomex materials. Nylon has a lower temper- 
ature capability and has shown relatively high outgassing in previous tests. 

An additional factor in the selection was the unavailability of lightweight 
configurations of many of the materials. 

A summary of both procurement and material property data for the selected 
generic types of net materials is presented in Table 3-2. Material property 
data, weight, thickness, mesh count, elongation, and tensile and tear 


Table 3-2 


SEPARATOR MATERIAL SURVEY 1 ' - NETS 


Material Description 


Mechanical Properties 


Procurement Data 


Nomex Net 

HT-96-62 Stern If Stern Leno 200 120 


HT-289-42 Stern If Stern Leno 


HT-62-46 
HT- 58-43 
HT-65-30 
HT- 51-37 


Stern 6 Stern I.eno 

Stern Hr Stern Leno 

Stern Stern Leno 

Stern !• Stern Mock 
Leno 


HT-14?'-38 Stern If Stern Mock 
Leno 


HT- 106-45 Stern It Stern! Leno 


Thickness 

(mil) 

Width 

(in. ) 

(Ib/in. 

Warp 

width) 

Fill 

(ft 

Warp 

) 

Fill 

12.5 

62 

38.0 

36.7 

22.0 

20.0 


Elongation Tongue Tear 
(ft) (lb) 


Minimum Unit Cost 
Buy ($/lin yd) 


Does not None if 

tear threads in stock 
slip and If not In 

unravel 500 lin y 


116.0 

45.8 

25.5 

27.0 

109.2 

106.4 

23.4 

35.4 

112.0 

1)8. 5 

32.0 

29.7 

145.5 

105.0 

31.8 

27.0 

154.0 

150.0 

27.0 

29.4; 

1B2.5 

193.3 

31.8 

30.7 

1 90. 0 

215.0 

25.8 

25.0 


If not In stock 
500 lin yds or 
$300 setup 4 
unit cost for 
100-500 Un 
yds 


Lead Time 
(wk) 


200 Mesh 
300 Mesh 


Prodescq 

Prodesco 


Raschel 200 

Leno 

Tricot 


160 lin yds 11.75 


p Class Net 
1653 


J. P. Stevens Leno 


J. P. Stevens Leno 


J. P. Stevens Leno 95 


Woven to Prodesco Any 100 

customer 

specifications 


Teflon Coated Prodesco 
C-20^pGlass 
woven to 
customer 
specifications 
Typical values 
are for 
2% coating. 

Teflon Net Prodesco 
(FEP) 


1.40 5.0 

See Note 2 See Note 2 


1.65 

Sea Note 2 


2 . 0 

See Note 2 


4.0 

Sea Note 2 


5.5 

Saa Note 2 


55 95 

Saa Note 2 


70 60 

Note 2 


90 75 

See Note 2 


Function of Any 
2. 3 weave width 

3.5-5 (6-7 for Leno) (Additional 

6-7 setup 

chargee) 


Function of 

waava 


3. 68-5. 25 A* 14 RsscheiX 
6.3-7.35 (-10 Lano ) 

\— 10 Tricot / 


Function of 
waave 

/-It- 19 ' 

/Raschel 
1—8- 10 Lano 
\-8-10 TricoU 


1 200 Un yds 
j$500 setup 
4 unit cost 


$450 setup 
4 unit cost 
for 36- In. 
width 

$300 aatup 
4 unit coat 
for 12- in. 
width 


1.6.1.75 
3. 2-3. 3 
4. 5 


Function of 

waava 

( -17 Raschel \ 
-10 Lano ] 
M0 Tricot / 


Function of 
j government 
procurement 
4 3 wka 


1.92-2. 1 

3.84-3.96 

5.4 


NOTES: (1) All information ia vendor data. Price quotas cannot ba considered Arm committment* by suppliers. 
Lead Timaa are generally dependant upon currant stock status. 

(2) Valuaa given are for E glees. 0 glass values should ba allghtly lower; -5% for weight and thickness. 

(3) Coats cited for PB1 are weaving coete only. Yarn costa era additional. 


Strength value • should bo correct within 10ft. 
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strengths, where available, are given in addition to type of weave and yarn 
denier. Procurement data include available widths, minimum-buy quantities, 
and unit costs. 


Preferred configurations incorporate the best combination of low weight and 
maximum thickness for mesh counts in the range of 50 to 400 meshes per 
square inch. Strength properties of separator materials are not critical 
because these components do not carry any load. It was felt that a material 
which did not exhibit tearing would be preferred to a material that could 
incur rips . 


On the basis of these criteria, three Nomex nets, supplied by Stern and 
Stern, were selected: styles HT-96, HT-289, and HT-58. Prodesco Nomex 

nets were unattractive because of potentially higher weights and substantially 
higher costs. In addition, purchase of initial candidates from a supplier who 
maintains a current stock of* the generic material was preferable to procure- 
ment on a weave -to-order basis. 



Two configurations of Beta glass nets were selected, again to the same 
criteria. These are styles 1653 and 1659, supplied by J. P. Stevens. Pro- 
desco nets, although thicker, are also heavier and much more costly and 
were therefore rejected. 

Available configurations of Beta glass, Nomex, and Durette fabrics are 
presented in Table 3-3. Selection of initial candidates was also based on low 
weight and maximum thickness with stock-type procurement at reasonable 
cost. Three fabrics were chosen: Stern and Stern Nomex, style HT-287; 
Chemstrand Durette, style 6632-27-2; and J. P. Stevens Beta glass, 
style 81677. The latter material, while slightly heavier than style 8116, is 
the preferred material. Style 81677 is an updated version of the earlier 
style 8166 and is slightly thicker and less costly. 

Subsequent to the selection, procurement, and initial screening of the separa- 
tor materials, the design temperature requirement was reduced from 600 to 
350° F. This allowed the addition of Dacron as a candidate separator 

14 


:r. 1 


j n 

-i H 

Hi 


I 


v ) 


3 1 


*rimm*mm«** *&^ ■ nwnw -s- 

laDie S- 3 (t'a.ge i on) 

SEPARATOR MATERIAL SURVEY --FABRICS 


Material De ■ c ription 


Material 


Nomex Fabric 
HT-287-45 


HT-31-36 

HT-6-45 

HT-5-42 

HT-92-54 

HT-26-45 

HT- 29-41 

HT- 18-45 

HT- 16-45 

HT-22-45 

HT-23-45 

HT-3-43 

HT-7-55 

HT-47-41 

HT- 1-41 

HT-48-48 

HT- 152-45 

HT- 10-41 

HT-67-42 

HT-72-54 

HT-80-59 

HT- 122-46 

HT-35-62 

Woven to 
customer 
specifica- 
tions 


Supplier 


Stern & Stern 


Weight Thickness 
(oz/yd-) (mil) 


HT-286-42 I Stern b Stern 2. 23 7. 3 


Stern & Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Stern b Stern 
Prodesco 




-18-19 
for Raschel 
weave 


24 (?) 



Mechanical 

Properties 



Tensile 
(lb/in. width) 
Warp Fill 

Elongation 

(%) 

Warp Fill 

Tongue Tear 
(lb) 

Warp Fill 

33.7 

32. 3 

18. 5 

19.7 

Does not tear-- 
threads slip b 
unravel 

1 

58.5 

55. 3 

21. 5 

22.5 

1 


102. 5 

95. 6 

27. 8 

35.8 

27. 8 

35. 8 

109.5 

105.5 

26.2 

26.0 

16. 8 

14.0 

126. 0 

123. 5 

27. 8 

29.5 

Does not tear 

145.0 

135.5 

35.0 

39. 3 

10. 4 

8. 5 

158. 0 

150. 0 

25. 0 

28.0 

26. 0 

24. 0 

156.0 

158.5 

27. 0 

30.0 

Does not tear 

148.5 

144.5 

27.0 

29.0 

18.0 

17. 6 

154.0 

149. 5 

28. 0 

31.9 

15. 0 

14. 6 

146. 0 

143. 5 

23. 5 

28.8 

26. 0 

24. 0 

152. 3 

149. 0 

22.0 

35.0 

22.4 

22. 2 

170. 5 

154. 5 

31. 0 

30. 1 

14. 6 

15. 0 

19 1.5 

124. 5 

30.0 

24.5 

12.4 

9- 8 

223. 0 

177.0 

32. 5 

33.3 

14. 2 

9. 8 

231.0 

215. 5 

29. 2 

27. 5 

31. 8 

30. 2 

233. 5 

201. 0 

33. 8 

30. 8 

28. 3 

21. 3 

179.5 

139.0 

40. 5 

33.0 

26. 0 

21. 8 

289. 0 

222. 0 

41. 1 

32. 2 

18.0 

19.0 

580.0 

560.0 

42. 1 

39.6 

Does not tear 

362.5 

345. 0 

39. 6 

38.5 

Does not tear 

475. 0 

472. 5 

33. 3 

41.6 

106. 2 

90. 6 

510. 2 

518. 0 

33.0 

31. 2 

Does not tear 

1, 070. 0 

) 

1, 170. 0 

48. 9 

30. 2 

Does not tear 


Minimum 

Buy 


None if in stock. If 
not in stock, 500 lin 
yd or $300 setup + 
unit cost for 100 to 
500 lin yd 


Unit 

Cost 

($/lin yd) 



















Table 3-3 (Page 2 of 3) 

SEPARATOR MATERIAL SURVEY --FABRICS 



Material Description 




Mechanical Properties 

Procurement Data 



Weight* 2 ' 

Thickness* 25 

Width 

Tensile* 2 ' 
(48/in. width) 

Elongation 

(%> 

Tongue Tear 
(lb) 

Unit Cost 

Lead 

Time 

Material 

Supplier (oss/yd 2 ) 

(mil) 

(in. ) 

War p Fill 

Warp Fill 

Warp Fill 

Minimum Buy ($/per yd) 

(wk) 




cn 


P Glass Fabric 
8116 

J. P. Stevens 

3. 16 

4.0 


125 

120 





81677 

J. P. Stevens 

3.20 

4.8 


185 

125 





81528 

J. P. Stevens 

6.0 

7.0 


250 

190 





8401 

J. P. Stevens 

8.5 

8.5 

38 

190 

180 





84205 

J. P. Stevens 

8.5 

20.0 

48 

120 






81564 

J. P. Stevens 

12. 23 

15.0 

52. 

5 


450 





81584 

J. P. Stevens 

25.40 

24.6 

38 Max 

950 






8120 

Pr odes co 

3. 1 

7.0 

Any 

(add 

seti 

cha 

width 

itional 

»P 

rges) 







8578 

Pr odes co 

4.4 

7.0 



2004 

1604 





881 

Pr odes co 

5.8 

7.0 









7581 

Pr ode sco 

8.5 

7.0 



350 

325 





Durette Fabric 
6632-27-2 

Chemstrand 

2. 16 

5.0 

36 



16.7 

17.6 



6632-9-1 

Chemstrand 

3.34 

7.5 

43 



22. 7 

27.6 

2. 56 

2.91 

6632-8-2 

Chemstrand 

5.05 

13.0 

58 



21.5 

22.0 

2.77 

3.46 

6632-21-2 

Chemstrand 

5.3 

8.0 

54 




19. 0 



6632-17-1 

Chemstrand 

5. 93 

11.0 

33 




21.8 




None if in stock. 
If not in stock: 
200 lin yds 4 500 
set up charge 4 
unit cost. 


$450 set up cost 
4 unit cost for 
48-in. width. 
$300 set up cost 
4 unit cost for 
12-in. width. 


1-99 yd , 
100-999 yd z - 
1. 000-4, 999 yd 
5, 000-yd2fc up 


1. 07 


0. 45 

0. 85 

1. 27 
1.74 
0. 52 

2. 11 
8. 10 


Above 

Above 

Above 


$50/yd$ 
$25 /yd 2 
$15 /yd 2 
Negotiated 


10 


6 

1 

4 

1 

1 

10 

2 
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SEPARATOR MA TERIAL SURVEY - - FABRICS 



Material Description 




Mechanical Properties 

Procurement Data 


Material 

Weight (2) 3 4 
Supplier (oz/yd^) 

Thickness^ 

(mil) 

Width 
(in. ) 

Tensile (Z) 
(48 /in. width) 
Fill 

Elongation Tongue Tear 

<%) (lb) 

Warp Fill Warp Fill 

Unit Cost 

Minimum Buy ($/per yd) 

Lead 

Time 

(wk) 


PBI Fabric 


Prodesco 


Nylon Fabric Prodesco 


Teflon Fabric j Prodesco 


~5. 0 


— 5. 0 


-6 


—10 plain 
or Leno 
weave 


— 1 1-12 
plain or 
Leno 
weave 


- 10-11 
plain or 
Leno 
weave 


Any width 
(additional 
setup 
charges) 


$450 setup + 
unit cost for 
36-in. width. 
$300 set up + 
unit cost for 
12-in. width. 


36-in. width 
35-40 

12- in. width 
17.5-20 
(See note 4) 


Func- 
tion of 
Govern- 
ment 
(Procure- 
ment) + 

3 weeks 


36-in. width 
22-28/lin yd 
12- in. width 
1 1- 14/lin yd 


3 


36- in. width 
15-18 

12- in. width 
7.5-9 


4 


NOTES: 


(1) All information is vendor data. Price quotes cannot be considered firm committments by suppliers. Lead times are generally dependent upon current 
stock status. 

(2) Values given for J. P. Stevens material are for E glass. (3 glass values should be slightly lower; 5% for weight and thickness. Strength values should 
be correct within 10%. 

(3) Types of materials are dependent upon current stock status. 

(4) Costs cited for PBI are weaving costs only. Yarn costs are additional. 




material. A Dacron net (configuration B4A) manufactured by Apex Mills was 

shown to give good performance in studies related to contract NAS 8-21400 

2 

and was therefore included in this study. Dacron B4A weighs 0. 0013 lb/ft 
2 

(0. 187 oz/yd ) and has a thickness of 6. 6 mils. 

3. 1. 3 Face Sheets 

A face sheet has two components: basic material and load-carrying strap. 

The strap is formed by impregnating the basic material with a resin. Nomex 
and Beta glass fabrics selected as candidate separator materials are also 
candidate base materials for a face sheet. Nomex fabric, style HT-287, and 
Beta glass fabric, style 81677, were selected. Low weight was again the 
major criterion for this selection. Four high-temperature polymeric systems 
were selected as candidates for impregnating the strap areas. These are 
Yiton (a fluoroelastomer), silicone, polyimide, and Teflon. The manufac- 
furer's designation and the suppliers are shown in Table 3-4. 

3.1.4 F asteners 

Three materials were considered for fasteners. These were Teflon, poly- 
sulfone (Astrel 360), and polyimide. Three polyimides were included: 

Vespel, Gemon, and XPI-MC154-60. Pertinent information for selection 


Table 3-4 

FACE-SHEET POLYMERS 


Material 

Manufacturer's Designation 

Supplier 

Viton 

CV 328 

Connecticut Hard Rubber 
Co. , New Haven, Conn. 

Polyimide 

Skybond 703 

Monsanto Company 
Plastics Products & 
Resin Division 
Los Angeles, Calif. 

Silicone 

R 7141 resin with 
Catalyz 15 

Ferro Corporation 
Cordo Division 
Culver City, Calif. 

Teflon S 

954- 101 Coating 

E. I. Du Pont de Nemours 
Fabrics & Finishes Dept, 
Los Angeles, Calif. 
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of candidate fastener materials within the selected generic types is presented 
in Table 3-5. Available impact and tensile properties are given as well as 
suggested methods for fabrication and joining. Minimum-buy requirements, 
unit costs, and comments on each material are also included. The polyimide 
materials can be expected to be too brittle in the thin sections required by 
fastener design. A difficult joining problem can be anticipated with Teflon 
materials. The polysulfone (Astrel 360) was therefore selected for fastener 
components. 

3. 1. 5 Lacing Buttons 

The lacing buttons are exposed to the same environment as the fasteners and 
can be constructed of the same material. Consequently, the polysulfone 
(Astrel 360) material was selected for the lacing buttons. 

3, 1, 6 Purge Bag 

Teflon- coated Kapton was selected as the most promising purge bag material. 
Other possible base substrates are Beta glass and Nomex fabrics. A silicone 
coating on Beta glas or Nomex fabric can be expected to have lower permea- 
bility than a VitOn or Teflon coating. However, any of these coatings may be 
adequate. Teflon- coated Kapton and polyimide coatings on E glass are 
currently available as off-the-shelf items. A similar coating can be applied 
to alternative base materials. However, these polymers are traditionally 
brittle. 

The critical factor is the method for achieving adequate joints. All the above 
materials have a high potential for adequate joining. Teflon-coated materials 
can be heat sealed. Silicone, Viton, and polyimide -coated materials can be 
bonded with their own respective polymers. Successful sealing should also 
be achievable with silicone, 

3. 1. 7 Material Survey— Conclusions and Recommendations 
As a result of the material survey, candidate materials were selected for 
each of the components in an MLI system. A summary of the materials 
selected is given in Table 3-6, The rationale for these selections has been 
presented in previous sections. 
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Table 3-5 

FASTENER MATERIAL SURVEY 


Material Description 

Properties 

Procurement 

Data 

Fabrication Procedures 

Comments 

Material 

Supplier 

IZOD 

Impact 

Tensile Strength 
(psi) 

Unit Cost 

Fabrication Method 

Joining Method 


Polyimide 

Vespel 

DuPont 

0.9 

5,000 at 500'F 

Sheet - $0, 25/in. 2 
Rod - $4. 00/in. 2 

Machine from bar 

Bond 

Not recommend for 
use in thin sections — 
brittle 

Gemon 

General 

electric 




Transfer or 
compression mold 

Bond 

Not recommend for 
use in thin sections -- 
brittle 

XPI-MC154-60 

Cynamid 

0.5 

10,000 at 392*F 

1-20 lb - $25/lb 
20+ lb - $12. 50/lb 

Injection mold 

Heat seal 

Heat distortion 
Temperature: 450*F 

Poly sulf one 
Astrel 360 

3M 


4, 100 at 500*F 

HC-360 pellets 
1-4 lb - $30/lb 
5-100 lb - $25/lb 

Injection mold 

Heat seal or 
solvent weld 

Heat distortion 
Temperature: 525’F 





HC-361 powder 
1-4 lb - $29 /lb 
5-100 lb - $24/lb 




Teflon 

DuPont 


600 at 500*F 

Sheet - $0. 82/ft 2 
Rod - $3.40/10 ft 

Machine or 

compression 

mold 

? 

Difficult joining 
problem 




Table 3-6 

CANDIDATE MATERIALS FOR MU COMPOSITE 



Composite Components 


Candidate Materials 


Reflectors 


1. Double -goldized Kapton, 30-gage 

2. Double -goldized Mylar, 25-gage 

3. Double -aluminized Kapton, 30 -gage 



Separators 1. Nomex nets 

Styles; HT-96 
HT-289 
HT-58 

2, Beta glass nets 

Styles: 1653 
1659 

3, Nomex fabric 

Style: HT-287 

4, Durette fabric - 6632*'27-2 

5, Beta glass fabric - 81677 

6, Dacron - B4A 

1. Nomex fabric - HT-287 

2. Beta glass fabric - 81677 

(Both with Vitron, silicone, polyimide, 
and Teflon polymers) 

1 . Polysulfone - Astrel 360 
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Face sheets 


Fasteners and 
lacing buttons 


Program scope and material availability limitations prevented extensive 
optimization of the materials and their configuration. Consequently, it is 
recommended that additional separator materials be evaluated in future 
work. This identification and evaluation of other configurations could be 
especially rewarding since significant separator weight reductions appear 
feasible if lighter -weight nets can be identified. 

The Kapton-based reflector materials have a significant advantage over 
Mylar-based reflectors, because they can withstand much higher tempera- 
tures. A disadvantage of the Kapton materials is that they are only available 
in a thickness of 25 to 30 gage, whereas double-aluminized Mylar is available 
in a 15-gage thickness. Thus the Kapton reflectors are heavier. Develop- 
ment work to allow fabrication of the Kapton reflectors in a thinner, lighter 
material is recommended. 

The costs of the goldized reflector materials are significantly higher than 
those of the aluminized materials at the present time. Since the cost of the 
gold appears to be negligible because it is only a few Angstroms thick, the 
material cost appears to be primarily due to fabrication costs. Consequently, 
development work to reduce fabrication costs is recommended. Of particu- 
lar interest is the goldized Kapton material. Since goldized Kapton appears 
to offer a greater potential than goldized Mylar, further development work 
on double -goldized Mylar is not recommended. Although not significant 
enough to negate the consideration of goldized reflectors as candidate 
materials, some variations in gold thickness were noted. Consequently, 
gold-coating development work should include fabrication procedures to 
obtain a more uniform Reposition of gold. 

3. 2 SEPARATOR THERMAL PERFORMANCE SCREENING TESTS 
A low-cost test method for obtaining an indication of the relative thermal 
performance of separator materials was developed on NAS8-21400 
(Reference 2). This test method involves measuring the electrical 


22 


resistance between two reflector sheets separated by a candidate separator 
material. The rationale is that both electrical and thermal resistance are 
functions of the separator material conductivity and the intimacy of contact 
between the separator and reflector sheets. Consequently, by assuming 
that the radiation parameter would be independent of the separator material, 
a higher thermal insulation performance is anticipated for those separator 
materials which show a higher electrical resistance. 

3.2.1 Test Procedures 

The test procedures used in the electrical resistance tests in this study 
were identical to those used in NAS8-21400 and outlined in Reference 2. 

The electrical resistance was measured as a function of applied loads with a 
Mid-Eastern Megatrometer, Model 710. The instrument was located in a 
shielded room, and an additional small shielded box was used to house the 
samples during measurements. These precautions were required due to the 
capacitiye nature of the circuit and the sensitivity of the samples to distor- 
tion by air currents. Applied loads were generated by posterboard sheets, 
aluminum sheets, and lead blocks as outlined in Reference 2. 

The measurement procedure was identical for all data points. Voltage 
(25v) was applied and the indicated resistance recorded after 30 sec. 

Power was then turned off and a shorting bar of 20 -gage copper wire was 
placed across the terminals to bleed off accumulated charges on the 
reflector sheets. The shorting bar was left in place for 150 sec. During 
this time the next load element was added to the test stack. At the end of 
150 sec, voltage was applied again for the next measurement. 

3.2.2 Test Specimen Configuration 

The test specimens consisted of two double -goldized Kapton (DGK) reflector 
sheets, 3 by 3 inches, centered above and below one sheet of the candidate 
separator material. A single DGK/ candidate -separator layer-pair was 
placed on top to simulate a realistic load distribution. These layers, 
consisting of the top layer -pair and test specimen layers, were placed on 
top of 20 layer ■ppairs of DGK/ nylon net. The layers beneath the test 
specimen provided an elastic base to transmit applied loads and therefore 
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simulate realistic loading conditions. Only the three sheets of candidate 
separator material were changed between tests. The candidate separator 
sheets were larger (5 by 5 inches) than the reflectors to avoid edge shorting. 

3.2.3 Fabric S epar ator s — Test Results 

Test results for the separator fabric materials are shown in Figure 3-1 
and Table 3-7. As shown, the Nomex fabric (HT-287) had a higher electrical 
resistance and therefore appears to offer a higher thermal insulation 
performance. The Nomex fabric also is the lighte st- weight material; 

Nomex HT-287 = 0.007 lb/ft 2 ; Durette 6632 = 0.015 lb/ft 2 ; and Beta 
glass 81677 = 0.0222 lb/ft 2 . Consequently, the Nomex HT-287 fabric 
was selected as the candidate separator fabric material. 

3.2.4 Beta Glass Net Separator s — Test Results 

Test results for the Beta glass net separator materials are shown in 
Figure 3-2 and Table 3-8. The 1653 material appears to offer a slightly 
higher thermal insulation performance than the 1659. The 1653 is also the 
lightest in weight: 1653 = 0. 0097 lb/ft^ and 1659 = 0.01145 lb/ft^. 
Consequently, of the two materials, the 1653 would be the more optimum. 

3.2.5 Nomex Net Separat ors — Test Results 

Test results for the Nomex net separator materials are shown in 
Figure 3-3 and Table 3-9- The HT-58 material appears to offer the highest 
thermal resistance. However, the optimum Nomex net separator material 
of those tested is not obvious since the HT-58 is not the lightest- weight 
candidate but is the heaviest. The weights of the three materials are: 

HT-96 = 0.0063 lb/ft 2 , HT-289 = 0.0090 lb/ft 2 , and HT-58 = 0.0140 lb/ft 2 . 

Since the HT-58 is not the lightest- weight candidate, a comparison of the 
composite weights required to provide equivalent thermal performance is 
needed (kp comparison). It can be shown that if two composites are sized 
to give equal steady- state thermal performance, the ratio of the kp product 

for the two composites will be equal to the ratio of their total composite 

: - \ 

weights; 
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Electrical Resistance (ohms) 



























Table 3-7 

ELECTRICAL RESISTANCE TEST DATA - FABRICS 


Nomex HT-287 


Compressive 


5. 54 x 10 
3.35 x 10 

6. 15 x 10 
1. 18 x 10 

2.30 x 10 
3.42 x 10 

8.28 x 10 

1.31 x 10 

2.29 x 10 
3.26 x 10 
5. 20 x 10 
1.01 x 10 
1.31 x 10 
1.63 x 10 
2.25 x 10 


Resistance 

(ohms) 


3 x 10*“ 

8 x 10 12 
1.3 x 10 12 

I. 7 x 10 12 
5 x 10 11 
7.5 x 10 11 
3.33 x 10 11 

II. 25 x 10 1( 
8.25 x 10 10 
7.38 x 10 10 

6.75 x 10 10 
4. 5 x 10 10 

4.75 x 10 10 
4.75 x 10 10 
4.75 x 10 10 


Durette 6632-27 

Beta Glass 81677 


Compressive 

Load 

(psi) 

Resistance 

(ohms) 

Compressive 

Load 

(P»i) 

Resistance 

(ohms) 


9.34 x 10 -5 

2.7 x 10 12 

1.31 x 10 -4 

7 x 10 

' 

3.73 x 10" 4 

8.25 x 10 11 

4. 11 x 10' 4 

7.5 x 10 U 


6.53 x 10“ 4 

8.5 x 10 11 

6.91 x 10' 4 

5.25 xlO 11 


1.21 x 10' 3 

6.25 x 10 U 

1.25 x 10” 3 

3.75 x 10 H 


2.33 x 10" 3 

4.62 x 10 11 

2,37 x 10“ 3 

2.88 x 10 U 


3.45 x 10 -3 

2.88 x 10 U 

3.49 x 10 -3 

1 1 

2.35x10“ 


8.31 x 10‘ 3 

1.05 x 10 11 

8.35 x 10“ 3 

1.23 x 10 U 


1.32 x 10 -2 

Shorted 

1.32 x 10 -3 

8.88 x 10 10 




2,29 x 10’ 2 

5.75 xlO 10 



• 

3.26 x 10” 2 

4.25 x 10 10 




5.20 x 10” 2 

2.5 x 10 10 

. 

\; 



1.01 x 10’ 1 

1.75 x 10 10 

■ . 

- 



1.32 x 10 _1 

10 

1.53 x 10 1U 




1.63 x 10’ 1 

1.38 x 10 10 

* .■ . 



2.25 x 10” 1 

9.5 x 10 9 
















Electrical Resistance (ohms) 




10- 5 10' 4 10' 3 10" 2 10' 1 

Compression Load (psi) 


Figure 3-2. Beta Glass Net Separators Screening Test 


Table 3-8 

ELECTRICAL RESISTANCE TEST DATA - BETA GLASS NETS 


Beta Glass 

Net 1659 


Beta Glass 

Net 1653 

Compres sive 
Load 

Resistance 

Compressive 

Load 

Resistance 

(psi) 

(ohms) 

(psi) 

(ohms) 

7.64 x 10" 5 

1 x 10 12 

6. 59 

x 10 -5 

12 

1.3 x 10* 

3. 56 x 10 4 

4.25 x 10 11 

3. 46 

x 10" 4 

6 x 10 11 

6. 36 x 10 4 

3. 88 x 10 11 

6. 26 

x 10" 4 

5 x 10 11 

, « -3 

1 1 


-3 

11 

1. 20 x 10 

3. 1 x 10 

1. 19 

x 10 

3.95 x 10 

2.32 x 10" 3 

1.92 x 10 11 

2.31 

x 10‘ 3 

2. 5 x 10 11 

3. 44 x 10" 3 

1.45 x 10 11 

3.43 

x 10" 3 

2.05 x 10 11 

8. 30 x 10" 3 

7.75 x 10 10 

8.29 

x 10" 3 

1.05 x 10 H 

X • 6 ■ | 

W A 

w b' 

(k P ) A 

<kp> B 




where k is the effective thermal conductivity and p is the composite density. 
This type of comparison is not readily obtained from the electrical resistance 
tests because the exact relationship between the thermal conductivity, k, and 
the measured electrical resistance, R, is not known. 

However, two cursory relationships were developed and utilized to select 
one of the Nomex net separators. They are: 


/ 1 \ °* 5 (\ \' 
kp « Deo and kp « col — j 

(Relationship 1) (Relationship 2) 


0.4 




28 


Figure 3-3. Nomex Net Separators Screening Tests 


0-2 

Compression Load (psi) 
























Table 3-9 


ELECTRICAL RESISTANCE TEST DATA - NOMEX NETS 


Nomex Net HT-289 

Nomex Net HT-58 

Nomex Net HT-96 

Compressive 

Load 

Resistance 

« 

Compressive 

Load 

Resistance 

Compressive 

Load 

Resistance 

(psi) 

(ohms) 

(psi) 

(ohms) 

(psi) 

(ohms) 

6.23 x 10‘ 5 

9. 5 x 10 11 

8. 83 x 10" 5 

9 x 10 12 

4. 82 x 10“ 5 

2.75 x 10 12 

3.42 x 10 4 

12 

1.0 x 10 

3. 68 x 10 4 

6 x 10 12 

3.28 x 10“ 4 

2.22 x 10 12 

6. 22 x 10" 4 

5.0 x 10 11 

6.48 x 10" 4 

6. 25 x 10 12 

6.08 x 10 -4 

2. 15 x 10 12 

1. 18 x 10 -3 

7. 0 x 10 11 

1. 21 x 10' 3 

3.75 x 10 11 

1. 17 x 10 -3 

2.0 x 10 12 

2.30 x 10' 3 

5. 0 x 10 11 

2.33 x 10' 3 

2.45 x 10 11 

2.29 x 10 -3 

12 

1.4 x 10 

3.42 x 10" 3 

5.0 x 10 11 

3.45 x 10' 3 

2. 5 x 10 11 

3.41 x 10' 3 

1.35 x 10 12 

8.28 x 10‘ 3 

4.75 x 10 11 

8. 30 x 10~ 3 

2. 2 x 10 11 

8.27 x 10' 3 

1. 05 x 10 12 








where 


2 

u> = wt/unit area/layer pair (lb/ft /layer -pair) 

D = layer density (layer -pairs /in. ) 

R = electrical resistance (ohms) 

The development of these relationships is shown in Reference 3. The 
results which were obtained by using the first relationship and showed 
approximately equal anticipated composite weights for the HT-96 and 
HT-58. However, it was felt that the x value of 0. 5 is probably high, 
which penalizes the HT-96. Therefore, the HT-96 would probably be the 
more efficient material. The results which were obtained by using the 
second relationship showed that the HT-96 would clearly be the more 
efficient material. The lower resistance to heat transfer of the HT-96 
appears to be more than compensated for by the lower material weight 
of the HT-96; i.e., if a composite using the HT-96 and a composite 
ui?ing the HT-58 were sized (number of layer -pairs) to give the same 
thermal performance, the HT?-96 composite would have a few more 
layer -pairs but would still have the lowest total weight. 

3.2.6 Selection of Three Separator Candidates 

Originally three separators were to be selected for further evaluation: 
one Nomex net, one Beta glass net, and one fabric. However, at a joint 
NASA-MSFC and MDAC-W meeting, it was decided to alter this by substi- 
tuting Dacron B4A net for the Beta glass net. This decision was brought 
about by: (1) a reduction in the maximum temperature requirement from 
600°F to 350°F, which eliminated a potential need for the high -temperature 
capability of Beta glass; (2) the superior performance of the Nomex 
materials in the electrical resistance tests as well as the lighter weight 
of the Nomex materials; and (3) the much lighter weight of the Dacron 
net. Although it had not been established at that time that the Dacron 
net could withstand a 400 °F cyclical -temperature environment, it was felt 
that it could be used in the lower (colder) portion of a composite which 
uses Nomex separators for the outer (hotter) layers. The choice of the 
B4A over other Dacron nets was based on MSFC calorimeter data. 
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As discussed in Subsections 3. 2. 3 and 3. 2. 5, the Nomex HT-287 fabric 
and the Nomex HT-96 net appeared to be the optimum fabric and the 
optimum Nomex net considered. Consequently, the three separator 
materials selected by joint concurrence of NASA-MSFC and MDAC 
for further evaluation in the Task 1 material property tests were: 

Nomex HT-96 net 
Nomex HT-287 fabric 
Dacron B4A net 

3.3 THERMAL-CYCLE TESTS 

Thermal -cycling tests of the candidate reflector, separator, face sheet, 
and fastener materials were accoinplished. These tests were designed to 
determine the capability of the materials to withstand the thermal cycling 
anticipated for an ILRV orbiter application. The material degradation 
resulting from the temperature cycling was determined by visual inspec- 
tion followed by metal adhesion tests on the reflector materials and 
strength tests on the separator, fastener, and face-sheet materials. 

3.3.1 Thermal -Cycling Test Procedure 

Two thermal cycles were used in evaluating the candidate materials. The 
first cycled the material samples from 650° to -320°F. The second 
cycled the material samples from 400° to -320°F. Each of these cycles 
was repeated 100 times. Typical temperature histories of the cycles 
for both the 650° and 400°F cycles are shown in Figure 3-4. Those 
materials which did not appear to have the capability to withstand the 
first (650°F) temperature were rerun in the second series at the lower 
temperature (400°F). In addition, the DGK reflector and Nomex separator 
materials and the polyimide /Nomex face -sheet system were rerun in the 
second series since there was additional room for more samples in the 
test apparatus. The test matrix is shown in Table 3-10. Four samples 
of the reflector materials and nine samples of the separator, face sheet, 
and fastener materials were tested. A separator was placed between 
the reflector sheets during the 400° F cycles to prevent any adhesion of 
adjacent reflector layers at the edges. 


« 


3 I 


! ■■■■■ ■■■■■ ■■■■■■■■■■■■■■■ ■■■■■■■■■■ ■■■■■ ■■■■■ ■■■■■ 
■■■■■■■■■■■■■■■■HHHHB ■■■■■■■■■■ ■■■■■■■■■■■■■■■ 

i inn ■■■■■ hhi ■■■■■ ■■■■■ ■■■■ ■■■■■■■■■■ ■■■■■ ■■■■■ 
■■■■■ ■■■■■ ■■■■■■■■■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ 


■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ 


■■■■I 


1 ■■■■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ »==== ===== ===== ==n«i 

■■■■■■■■■■■■■■■ Illllll^fllini ■■■■■■■■■■■■!!■■ 
■■■■■ ■■■■■ ■■■■■ ■■■■■ r^mmm ■■■■■ ■■■■■ ■■■■■ mi mk 


BBBBaiS 



ill 


■ 

iSiS 




>■■■■ ■■■■■■■hhi ■■■:*■■■■ ■■■■■■■■■■■■■■■■■■■ ibhi 

[ l !■■■■■■■■■■■— ■! !■><■■■■■■■ ■■■■■■■■■■■■■■■■■ iBBgi 

I llll Hill IHIIIII IIIUIIIII 
i ■■■■■■■■■■■■■■ ir mi ■■■■Bill . 

i ■■■■■■■■■■■■■■■■■■■ ■■■■■■ ■Bmmmbb^^^^^^^B 


■sag = k= , im ■■■■■ ■■■■■ ■■■■■ ■■■■■! 

Ki 9 

iiiiiiiiiiiiiiraiiigiiiiiiiil 

■■■■■■■ II $» ■■■■■■■■■■■■» '»% 


■ m— ■■■■■■— ■ ■im-niHm— ■■■■■—■■mu — m 


!■■■■ ■■■■■ ■■■■■ 
!■■■■ ■■■■■ ■■■■■ 


bsibbbbbbbi 

uiiiiiniiiiiiiiminiUHiiniiHiiHiimBB 

■I ■■!■■■■■ ■■■■! Hi— ■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ ■■■■■ 


I H IW 1 

iiaiil 

■!■■!■ 


!■■■■■■■’* BI 1 HB ■■■■■■■■■■■■■■■ 
■■■■■■■ ■■■■■■■■■■■■■■■■ ■■■■■ 

BiimB 

■■■■!■■■■■ 





■■ ■■■■■■■■■■■■ 

■■ HMini ■■■> j ■■■■■ ■■■■■ ■■■■■■■■■■ ■■■■■ ■■■■■ i !■■■■■■■■■ ili ■■ nnui ■■■■■ gilii ■■■■■ 
■5 in ftiiin ■■■> ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ ■■■■ ■■■■■ mi ■■■■■■■■■■■■■■■■■■■■■■ 

■I ■■■■■■■■ ■■■!!■■■■■■■■■■■ ■■■■■■■■■! I ■■■■■■■■■■■■■■■■■■■■ Ml ■■■■■■■ ■■■■■■■!■■■■■■■ 
■■ !■■ ■■■■■ ■■■! !■ ■■■■■ ■■■■■ ■■■■■■■■■■ ■■■■■ ■■■■■ I ■■■■ ■■■■■ ■■■ !■■ ■■Mil ■■■■■ ■■■■■ ■■■■■ 
■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ ■ ■■■■ ■■■■■ ■■! !■■ ■■■■■ ■■■■■ ■!;■■■ ■■■■■ 

mm mm i nil ■■■■■ hi ih ■■■■■ ■■■■■ bubh ■■■■■ 

i ■ mmm ■■■■■ h im ■■■■■ ■■■■■ ■r«HM - mu 

in IBM Ml M »■■■■■■ FVHH MBH ■■■■■ 
I II !■■■■■■■■ «» ■■■■■■■■ !!■■■■ MBH ■■■■■ 


■■ ■■■■!■■■■■■ !■■■■■■■■■■■■■■■■■■■■■■■■■■ 
IB, ■■■■■■■■■■! ■■■■■■^ fHH !■■ —■■ ■■■■! 

MgMnnnnnMnnnMiHMiHni 

!■ ■■■■■! 
!■■■■■■! 
!■■■■■■! 

■ ■■Ml 

■ HIM 


IBI ■■■■■■■■^■■■■U— ■■■■■■! 

BiunninuinniigiHuiiHinin 
!■■■■ ■■■■■■■■■■■■■■■ ■■■■■■■■■■ ■■■■■ ■■■■■ I 
!■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 
■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■I 


; II 



6 

8 1 
TIME (MINUTES) 

s Tests 








Table 3-10 

TEMPERATURE CYCLING TEST MATRIX 



Number 

of Specimens 

Material 

Test Series No. ! 
(650 to -320°F) 

1 Test Series No. 2 

(400 to -320 °F) 

Reflectors 



Double -aluminized Kapton 

4 


Double -goldized Kapton 

4 

4 

Double -aluminized Mylar 

4 

4 

Double -goldized Mylar 

4 

4 

Separators 

Nomex HT-287 

9 

9 

Nomex HT-96 

9 

9 

Beta glass 1653 

9 


Dacron B4A 


9 

Fastener 

Astrel 360 

9 

9 

Face-Sheet Systems 

Silicone/Beta glass 81677 

9 


Polyimide /Beta glass 81677 

9 


Teflon/Beta glass 81677 

9 


Viton/Beta glass 81677 

9 

9 

Silicone /Nomex 287 

9 


Polyimide /Nomex 287 

9 

9 

Teflon/Nomex 287 

9 

9 

Viton/Nomex 287 

9 

9 


34 


The reflector material samples were 6 by 6 in. and the separator and 
most of the face-sheet samples were approximately 9 by 1 in. Some 
of the face -sheet samples used in the 400 °F cycles were approximately 
10 by 1 in. The fastener material samples were of a dog-bone con- 
figuration and had a 1/4-in. -wide by 0. 025-in. -thick test section. 

The thermal cycling was accomplished by heating the specimens in an 
oven to the desired temperature and then lowering the specimen holder 
through a port in the floor of the oven into a dewar of liquid nitrogen 
as shown in Figure 3-5. This procedure was controlled by a thermo-- 
couple located in the specimen holder which activated a relay switch 
for a pneumatic jack on which the specimen holder was mounted. The 
control thermocouple was enclosed in a metal tube to obtain the desired 
temperature response for the thermocouple. The proper size of the 
metal tube was determined experimentally prior to testing. The speci- 
men holders (Figure 3-6) consisted of two sheets of stainless steel 
screen with the specimens lightly sandwiched between them. The specimens 
were free to expand and contract as they were heated and cooled during the 
testing. 

3.3.2 Visual Test Results 

Upon completion of the thermal cycles, the test specimens were visually 
inspected. The condition of the specimens is discussed and illustrated in 
the following subsections. 

3.3.2. 1 Reflectors 

The double -aluminized Kapton (DAK) and double -goldized Kapton (DGK) 
reflector materials both appeared to have survived the 650°F temperature 
cycles (Figures 3-7 and 3-8). As anticipated, the Mylar reflectors, 
double -aluminized Mylar (DAM), and double -goldized Mylar (DGM), did not 
survive the 650°F temperature cycles (Figures 3-9 and 3-10). The DAM 
reflector material did not survive the second test (400°F) either (Fig- 
ure 3-11). The material became brittle and easily disintegrated. The DGM 
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TEST SPECIMENS IN OVEN 


Figure 3-5. Thermal Cycling Test Setup 
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Figure 3-6. Thermal Cycling Test Apparatus 
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Figure 3-8. Double-Goldized Kapton Reflector — Cyclical Temperature Specimen Cycled to 650° F 
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Figure 3-9. Double-Aluminized Mylar Reflector -Cyclical Temperature Specimen Cycled to S50°F 
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Figure 3-10 Double-Goldized Mylar Reflector— Cyclical Temperature Specimen Cycled to 650°F 
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material, however, did not become brittle during the 400° F temperature 
cycle test and does not appear to have undergone any change (Figure 3-12). 


3. 3. 2. 2 Separators 

All of the separator materials (Nomex and Beta glass) included in the first 
test (650°F) appear to have withstood the test environment (Figures 3-13, 
3-14, and 3-15). There was no apparent change in the Beta glass material. 
The Nomex materials changed color from white to light brown, but did not 
appear to have been structurally degraded. The Nomex materials were also 
included in the second test (400°F), with results similar to the previous 
650° F test except that the color was changed only to a tan color instead of 
the previous light brown. A Dacron separator material that was included in 
the 400° F tests was slightly wrinkled by the 400° F cycles (Figure 3-16) but 
did not appear to have been altered sufficiently to affect its performance. 


3. 3. 2. 3 Fastener Material 

The Astrel 360 fastener material was badly degraded in the 650°F 
temperature cycle test. This material, however, showed no degradation 
due to the 400° to -320°F temperature cycles (Figure 3-17). 
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Figure 3-13. Nomex HT-287 Separator — Cyclical Temperature Specimens 
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Figure 3-14. Nomex HT-96 Separator-Cyclical Temperature Specimens 
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Figure 3-15. Beta Glass 1653 Separator — Cyclical Temperature Specimens 
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Figure 3-16. Dacron B4A Separator —Cyclical Temperature Specimens 
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Figure 3-17. Astrel 360 Fastener Material— Cyclical Temperature Specimens 


3. 3. 2. 4 Face-Sheet Systems 

The silicone /Beta glass, polyimide / Beta glass, Teflon/Beta glass, 
silicone/Nomex, and polyimide /Nomex face-sheet systems appeared to have 
survived the 650°F temperature cycle tests (Figures 3-18 through 3-22). 

The color of the silicone/Beta glass, Teflon/Beta glass, and silicone/ 

Nomex changed from gray yellow to light yellow, green to dark brown, and 
gray -yellow to medium brown, respectively. There was no change in the 
polyimide /Beta glass or polyimide/Nomex face-sheet systems. 

The Viton was charred and could be rubbed off of the Viton/Beta glass 
samples included in the 650° F temperature cycle test. The Viton/Beta glass 
samples, however, showed no degradation from the 400° F temperature cycle 
tests (Figure 3-23). The Viton/Nomex samples were appreciably distorted, 
became slightly brittle, and experienced a minor amount of charring in the 
640° F temperature cycles. The Viton/Nomex samples, however, appear to 
have successfully withstood the 400°F temperature cycles (Figure 3-24). 
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Figure 3-24. Viton/Nomex Face Sheet— Cyclical Temperature Specimens 


The Teflon/Nomex samples were badly distorted in the 650° F temperature 
cycle tests but appear to have survived the 400° F test (Figure 3-25). The 
color of the specimens was changed to a slightly darker green in the 400° F 
test, but the samples did not appear to have been degraded. 

3. 3. 3 Weight Loss During Thermal Cycling 

The material specimens were weighed both before and after the thermal 
cycling to obtain an indication of material deterioration as evidenced by 
weight loss. Specimens of a given kind were weighed collectively rather 
than individually. The results, shown in Table 3-11, reveal that a large 
amount of material was lost from the Teflon and Viton face -sheet system 
specimens which were exposed to the 650° F cycles. The percentage weight 
loss for the face- sheet systems exposed to the 400° F temperature cycle 
was much less. The polyimide face-sheet systems had the lowest percent- 
age weight loss of the candidate face- sheet systems. 
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The Nomex separators had a weight loss of approximately 4. 5 to 4. 8 percent 
when subjected to the 650° F cycles and approximately 1.6 to 1. 8 percent 
when cycled to 400° F. The Dacron B4A net separator had a relatively low 
weight loss (0. 4 percent) when exposed to the 400°F temperature cycles. 

3. 3. 4 Effect of Cyclical Temper atures on Reflector Met al 
Adhesion 

The reflector specimens which visibly survived the thermal cycling were 
subjected to a tape adhesion test to determine the effect of the cyclical 
temperatures on the adhesion of the metal to the Kapton or Mylar substrate 
material. In the tape adhesion test, a piece of Scotch No. 250 tape is applied 
to the surface of the specimen by rolling it with a 0. 9-lb rubber roller. After 
5 minutes, the tape is removed by pulling in such a manner that a peeling 
force is applied to the bond between the tape and the specimen surface. The 
tape surface and specimen are then examined for evidence of transfer of 
reflector metal from the specimen to the tape. These tests were performed 
at 70 ±5°F and 40- to 60-percent relative humidity. 
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Figure 3-25. Teflon/Nomex Face Sheet — Cyclical Temperature Specimens 
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Table 3-11 

WEIGHT LOSS DUE TO TEMPERATURE CYCLING 


Material 

Number 

of 

Specimens 

Maximum 
T emperature 
(°F) 

Minimum 

Temperature 

(°F) 

Weight 
Before 
T emperature 
Cycle 
(gram) 

Weight 

After 

T emperature 
Cycle 
(gram) 

Weight Loss 
(%) 

Beta glass 1653 

3 

650 

-320 

1. 313 

1. 293 

1. 52 

Nomex HT-287 

9 

650 

-320 

4. 616 

4. 395 

4. 79 

Nomex HT -96 

9 

650 

-320 

3. 4142 

3. 257 

4. 54 

Polyimide/ Nomex HT-287 

9 

650 

-320 

8. Ill 

7. 993 

1. 45 

Teflon/Nomex HT-287 

9 

650 

-320 

22. 405 

17. 028 

23. 20 

Teflon/Beta glass 81677 

9 

650 

-320 

23. 438 

19. 761 

15. 69 

Polyimide /Beta glass 81677 

9 

650 

-320 

14. 378 

14. 215 

1. 13 

Viton/Nomex HT-287 

9 

650 

-320 

33. 634 

25. 472 

24. 30 

Viton/Beta glass 81677 

9 

650 

-320 

24. 729 

14. 209 

42. 54 

Silicone /Nomex HT-287 

9 

650 

-320 

12. 521 

11. 418 

8. 81 

Silicone/Beta glass 81677 

9 

650 

-320 

16. 876 

16. 240 

3. 77 

Astrel 360 

3 

650 

-320 

5. 567 

5. 488 

1. 42 

Nomex HT-287 

9 

400 

-320 

3. 381 

3. 320 

1. 80 

Dacron B4A 

9 

400 

-320 

0. 547 

0. 545 

0. 37 

Nomex HT-96 

9 

400 

-320 

2. 473 

2. 433 

1. 62 

Polyimide/Nomex HT-287 

9 

400 

-320 

9. 087 

9. 094 

( + 0. 08) 

Viton/Nomex HT-287 

9 

400 

-320 

35. 367 

35. 273 

0. 27 

Teflon/Nomex HT-287 

9 

400 

-320 

26. 216 

25. 880 

1. 28 

Vilon/Beta glass 81677 

9 

400 

-320 

26. 474 

26. 396 

0. 29 


The test results showed no degradation in the metal adhesion of those 
reflector materials which appeared to have survived the temperature cycles. 
As shown in Table 3-12, no metal was removed from any of the faces of the 
test specimens. 

3.3.5 Tensile Strength After Temperature Cycling 

The load-carrying ability of the candidate composite structural components 
(face sheet and fastener) must be known to enable selection and design of 
these components for an ILRV application. To obtain these data, tensile 
tests were conducted on material specimens: which had undergone tempera- 
ture cycling. In addition, although they are not structural-load- carrying 


Table 3-12 

EFFECT OF CYCLICAL TEMPERATURES ON 
REFLECTOR METAL ADHESION 


Reflector 

Separator 

Exposure 

Specimen 
No. Side 

Percent Metal Transfer 
Using Tape Adhesion 

Double- 

Nomex 287 

400 to 

1 

1 

0 

goldized 


-320 °F 

1 

2 

0 

Mylar 



2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 

Double- 

Nomex 287 

400 to 

1 

1 

0 

goldized 


-320 °F 

1 

2 

0 

Kapton 



2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 



650 to 

1 

1 

0 



-320 °F 

1 

2 

0 




2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 

Double- 

Nomex 287 

650 to 

1 

1 

0 

aluminized 


-320 °F 

r 

2 

0 

Kapton 



2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 
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members in the composite, the strength of the separators was determined to 
obtain an indication of any gross degradation of the separator materials. 

3. 3. 5.1 Tensile Test Procedure 

The components tested are shown in the test matrix, Table 3-13, and include 

o 

the separator, face- sheet systein, and fastener candidate materials. Three 
specimens of each material were tested at “320°F, ambient, and an elevated 
temperature of 400° or 650° F. Tensile strengths of specimens which had not 
been temperature-cycled were also obtained for comparison purposes. 

These tests on the uncycled material were conducted at ambient temperature. 
The low and high temperatures for the tests on the specimens which had 
undergone the temperature cycling were selected in an attempt to encompass 
the temperature range that the materials might be subjected to in an ILRV 
application, as it was anticipated that the wide variations in temperature 
would result in significant changes in strength. Although the -320°F tem- 
perature is not as low as would be experienced by materials in the lower 
portion of an MJLI composite on an LH £ tank, the LN 2 temperature of -320°F 
is the lowest temperature that could be readily obtained within the scope of 
the program. 




The test specimen dimensions are shown in Figure 3-2 6. The Nomex and 
Beta glass separator materials were cut with the long axis of the specimen 
parallel to the warp direction of the material and the edges were raveled for 
1/4 in. on each side. The Dacron B4A separator material is woven so that 
the yarns are oriented approximately 45 deg from the usual warp and fill- 
yarn orientation. Consequently, the yarns in the Dacron B4A specimens 
were oriented at an angle of approximately 45 deg to the edges of the 
specimen. The Nomex and Beta glass material used in the face -sheet 


systems were all cut so that the long axis of the specimen was parallel to 
the warp direction. Rectangular face-sheet specimens were used instead 
of the standard dog -bone configuration tensile test specimen used for the 
fastener material (Figure 3-26) s since previous experience with impregnated 


net materials has indicated that premature failures can occur at the ends of 
a reduced section configured specimen. 


All of the specimens were grip-loaded and tested to failure in an Instron 
Universal testing machine. Figure 3-27 shows the test setup for the 




Table 3-13 

TEST MATRIX FOR TENSILE TESTS 


Materials 

Uncycled 

Material 

Temperature Cycled 
-320 to 650° F 

Temperature Cycled 
-320 to 400° F 


Ambient 
T emp 

-320° F 

Ambient 
T emp 

+ 650° F 

- 320° F 

Ambient 
T emp 

+400° F 

Separator s 









Nomex HT-287 

3 

3 

3 

3 

_> 

3 


3 

Nomex HT-96 

3 

3 

3 

3 

3 

3 


3 

Beta glass 1653 

3 

3 

3 

3 





Dacron B4A 

3 




3 

3 


3 

Face Sheets 









Silicone/Beta glass 81677 

3 

3 

3 

3 





Polyimide/Beta glass 81677 

3 

3 

3 

3 





Teflon /Beta glass 81677 

3 

3 

3 

3 





Viton/Beta glass 81677 

3 




3 

3 


3 

Silicone /Nomex HT-287 

3 

3 

3 

3 





Polyimide /Nomex HT-287 

3 

3 

3 

3 

3 

3 


3 

Teflon/Nomex HT-287 

3 




3 

3 


3 

Viton/Nomex HT-287 

3 

3 

3 

3 

3 

3 


3 

Fastener Material 









Astrel 360 

3 




3 

3 


3 


i 



NET SPECIMEN 



FACE -SHEET SPECIMEN 



FASTENER SPECIMEN 


Figure 3-26. Tensile Test Specimen Dimensions 




ambient temperature tests of both the control specimens and the thermally 
cycled specimens. The -320°F and elevated temperature tests were 
conducted in a similar fashion with the principal difference being that the 
specimens were either immersed in a dewar of LN^ until they reached the 
-320°F test temperature or heated in an oven which fitted around the grip 
jaws of the test apparatus. The specimens were allowed 5 minutes to 
stabilize at the test temperature for either case and then loaded to failure. 
Figure 3-28 shows the test setup for the -320° F temperature tests. 

3. 3. 5. 2 Tensile Test Results 

A summary of the average specimen failure stress obtained for each 
material is presented in Table 3-14. A more detailed summary of the test 
results is presented in References 4 and 5. Of the separator materials, 
tested, the Nomex materials exhibited the highest strength. Of the face- 
sheet systems tested, the systems containing Beta glass exhibited much 
higher strength than those containing the Nomex HT-287 fabric. The 
polyimide / Beta glass 81677 face-sheet system exhibited the highest 
strength of all the face -sheet systems tested. 
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Figure 3-28. Test Setup for -320° F Tensile Tests 


All of the materials that were thermally cycled between -320° and 650°F 
appear to have been structurally degraded by the thermal cycling. This 
degradation varies from approximately 12 percent for the Viton/Nomex 
HT-287 face-sheet system to approximately 47 percent for the Teflon/Beta 
glass 81677 face-sheet system. Of the face-sheet systems cycled between 
-320° and 400°F, the apparent structural degradation varies from essentially 
none for the polyimide /Nomex HT-287 system to approximately 38 percent 
for the Viton/Nomex HT-287 systems. In general, all of the systems con- 
taining Viton or Teflon appear to have been degraded at least 20 percent. 

The Nomex separator materials that were thermally cycled between -320° 
and 400°F do not appear to have been structurally degraded, but the 
Dacron B4A appears to have been degraded approximately 16 percent. The 
Astrel 360 fastener material thermally cycled between -320° and 400°F does 
not appear to have been significantly degraded. All of the materials tested 
would be acceptable on the basis of strength alone since the HPI system 
could be designed to function within the strength limits obtained. The 
separators carry only their own weight between fasteners and consequently 
have very low strength requirements. The amount of face-sheet area 
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Table 3-14 


SUMMARY OF TENSILE TEST RESULTS 
(Average Specimen Failure Stress) 



Uncycied 

Material 

(Ambient) 

Thermocycled Between 650 and -320°F 

Thermocycled 

Between 400 and -320° F 

Materials 

-320* F 

Ambient 

650* F 

- 320* F 

Ambient 

400* F 

Separator Materials 








Nomex 287 

22. 7 lb/in. 

25.3 lb/in. 

19. 5 lb/in. 

7. 1 lb/in. 

32. 7 lb/ in. 

2 5.6 lb / in. 

16. 9 lb/ in. 

Nomex HT -96 

35. 7 lb/in. 

30. 7 lb / in. 

20. 0 lb/in. 

10.5 lb/in. 

45. 6 lb / in. 

36. 1 lb/ in. 

24. 0 lb/in. 

Beta glass 1653 

17. 5 lb/in. 

18. 0 lb/ in. 

1 3. 7 lb/ in. 

1 5. 4 lb/in. 




Dacron B4A 

3. 7 lb /in. 




1 . 4 lb/ in. 

3. 1 lb/ in. 

1.6 lb/ in. 

Face Sheet Materials 








Silicone / Beta glass 81677 

30. 1 ksi 

32. 8 ksi 

20. 6 ksi 

1 5. 8 ksi 




Poiyimide/Beta glass 81677 

36. 0 ksi 

42. 2 ksi 

26. 9 ksi 

21. 2 ksi 




Teflon/Beta glass 81677 

23. 5 ksi 

18. 9 ksi 

12. 4 ksi 

5. 1 ksi 




Viton/Beta glass 81677 

26. 9 ksi 




55. 2 ksi 

19. 1 ksi 

1 0. 2 ksi 

Silicone / Nomex HT-287 

5. 4 ksi 

3. 0 ksi 

3. 6 ksi 

1.6 ksi 




Polyimide/Nomex HT-287 

3. 2 ksi 

1.46 ksi 

2. 1 6 ksi 

1 . 16 ksi 


3. 1 ksi 

2. 0 ksi 

Teflon/Nomex HT-287 

4. 2 ksi 




4. 1 ksi 

3. 4 ksi 

2. 2 ksi 

Viton/Nomex HT-287 

3. 9 ksi 

3 . 94 ksi 

3. 45 ksi 

1.35 ksi 

3. 1 ksi 

2. 4 ksi 

1. 8 ksi 


Fastener Material 
Astrel 360 


12. 8 ksi 


16. 6 ksi 12. 5 ksi 


8. 0 ksi 


impregnated with the resin could be varied to meet the face -sheet strength 
requirement. 

Two of the Dacron B4A, one of the Astrel 360, and all three of the polyimide/ 
Nomex HT-287 specimens failed during the specimen installation and cool- 
down period prior to tensile loading. Since the tare weight on the specimen 
was close to the failure load of the Dacron B4A, it is felt that the premature 
failure of the Dacron B4A specimens should not cause undue concern. The 
premature failure of the polyimide /Nomex HT-287 face-sheet system and one 
of the Astrel 360 specimens are not as readily understood. In a repeat of 
these tests, reported in Reference 5, none of the Astrel 360 specimens failed 
prematurely. Consequently, the failure of the one Astrel 360 specimen 
appears to have been due to improper specimen installation procedures or 
some other test anomaly. No explanation is apparent for the premature 
failure of the ployimide /Nornex HT-287 face-sheet system; it may indicate a 
serious strength reduction or brittleness of the material at -320°F. 

3. 3. 6 Thermal Cycle Te st— Conclusions and Recommendations 
Reflector, separator, face-sheet, and fastener ML.I materials which can 
withstand 100 temperature cycles from -320° to 400° F and from -320° to 
650° F have been identified. A summary list is presented in Table 3-15. As 
shown, both DGK and DAK reflector materials can be considered for design 
applications requiring reflectors capable of withstanding temperature cycles 
with maximum temperatures of 650°F. DGM withstood temperature cycles 
to 400° F, but the upper temperature limit for thermal cycling of the DAM 
material is somewhere below 400° F. The Nomex and Beta glass separators 
can be considered for applications with temperature cycles to 6 50°F. The 
Dacron B4A separator material withstood temperature cycles to 400° F. The 
face -sheet systems utilizing silicone or polyimide for the impregnated strap 
area successfully withstood temperature cycles to 650° F. However, the 
polyimide /Nomex HT-287 system may become brittle at cryogenic 
temperatures and should not be considered for use at cryogenic temperature 
locations until evaluted further. The Teflon and Viton face-sheet systems 
should not be considered for applications with thermal cycles which have 
maximum temperatures greater than 400°F. The Astrel 360 fastener 
material also should not be considered for applications which include thermal 
cycles with maximum temperatures greater than 400 °F. 
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TABLE 3-15 

MLI MATERIALS VERIFIED FOR CYCLICAL THERMAL ENVIRONMENTS 


MATERIAL 

SURVIVED CYCLICAL THERMAL ENVIRONMENT 

-320 TO 400° F 

-320 TO 650° F 

REFLECTORS 



DOUBLE ALUMINIZED KAPTON (DAK) 

YES 

YES 

DOUBLE GOLDIZED KAPTON (DGK) 

YES 

YES 

DOUBLE ALUMINIZED MYLAR (DAM) 

NO 

NO 

DOUBLE GOLDIZED MYLAR (DGMi 

YES 

NO 

SEPARATORS 



NOMEX HT-287 

YES 

YES 

NOMEX HT-96 

YES 

YES 

BETA GLASS 1653 

YES 

YES 

DACRON B4A 

YES 

NO 

FACE SHEET SYSTEMS 



SILICC NE/BETA GLASS 81677 

YES 

YES 

POLY IM IDE/BETA GLASS 81677 

YES 

YES 

TEFLON/BETA GLASS 81677 

YES 

NO 

VITON/9E 1 A GLASS 81677 

YES 

NO 

SILICONL/NOMEX HT-287 

YES 

YES 

POLYMIDIDE/NOMEX HT-287 

YES 

YES 

TEFLON/NOMEX HT-287 

YES 

NO 

VITON/NOMEX HT-287 

YES 

NO 

FASTENER 



ASTREL 360 

YES 

NO 


Additional testing in future studies is recommended to determine the upper 
temperature limit during thermal cycling of the DAM reflector material. An 
evaluation of the brittleness of the MLI materials at cryogenic temperatures 
is also recommended for future studies. If feasible, these tests to evaluate 
brittleness should be conducted at LH^ temperatures. 

3.4 EFFECT OF SEPARATOR VOLATILES 

One aspect of the potential effect of any outgassing of separator materials is 
the possible degradation of optical properties of the reflectors adjacent to 
outgassing separators. To determine if any such degradation can be 
expected, tests were designed and conducted. These tests consisted of 
placing sample composites in an oven at 400 °F for 6 hours and then 
measuring the emissivity of the reflector faces that had been in contact 
with a separator. To prevent contamination from other samples, composites 
containing different separator materials were placed in different ovens. 

The instrument used for the measurements was a Gier-Dunkle DB100 
infrared r eflectometer . 
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3.4.1 Test Specimens 

The composite test specimens were 6 by 6 inches and contained three 
reflector and two separator sheets. Three composites of each specimen 
were tested. The emissivity of both sides of the reflector sheet in the 
middle and the emissivity of the innter surfaces of the outer reflector sheets 
in each composite were obtained. The three candidate separators, 

Nomex HT-96, Nomex HT-287, and Dacron B4A. were tested with each of 
the DGK, DAK, and DGM reflector materials. 

3.4.2 Test Results 

The test results (Table 3-16) do not indicate any significant effect of 
separator volatiles on the emissivity of the reflector materials. The range 
of emissivity values for the DGK control samples encompasses all but one 
of the emissivity values of the DGK reflector faces exposed to any out- 
gassing. This data point is only slightly higher and is probably due to a 
material anomaly. Three emissivity values for the DGM material are 
somewhat higher. These are 0 . 0 52 and 0.065 for the DGM/HT -96 and 0. 037 
for the DGM/HT-287. However, these may also be due to material 
anomalies as the manufacturer of the DGM material has reported problems 
in gold deposition on the DGM material. In addition, it should be noted that 
the gold surfaces apparently were not affected in the DGK reflector material, 
and the data for the other two DGM composites show no significant increase 
in emissivity values. 

3.4.3 Effect of Separator Volatiles — Conclusions and Recommendations 
From the test data results, it was concluded that there was no degradation 
in reflector emissivity due to any outgassing of the Nomex and Dacron 
separators considered. Further testing concerned with the effects of 
separator volatiles on reflector emissivity does not appear warranted for 
these materials. 

3.5 MOISTURE DEGRADATION TESTS 

The MLI composite materials used for an ILS.V could be exposed to two 
types of moisture conditions. One would be the humidity and temperature 
environment expected on the ground between flights. The second would be 
a high-temperature water vapor environment that could occur during 
reentry if the MLI is not adequately purged. The composite material of 
concern is the reflector, as past testing has Shown that moisture will readily 
degrade or remove the aluminum coating from a reflector (Reference 6). 
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Table 3-16 

EFFECTS OF SEPARATOR VOLATILES ON REFLECTOR EMISSIVITY 


Reflector 

Separator 

TxpoMire 

Reflector 


F.mi**ivity 


Composite 
No. 1 

Composite 
No. 2 

Composite 
No. 3 

No. 

Side 

Double - 

None 

None, control 

1 

1 

0. 038 

0. 032 

0. 029 

gnldized 



l 

2 

0. 02 3 

0. 0 34 

0. 027 

Kapton 









Nome* HT -9b 

400°F for b hour* 

1 

2 

0. 0 34 

0. 026 

0. 024 




2 

1 

0. 029 

0. 024 

0. 025 




2 

2 

0. 027 

0. 024 

0. 028 




1 

1 

0. 028 

0. 024 

0. 024 


Nomex HT -287 


1 

2 

0. 028 

0. 031 

0. 027 




2 

1 

0, 02 1 

0. 026 

0. 028 




2 

2 

0. 031 

0. 0 30 

0. 0 36 




) 

l 

0. 029 

0. 026 

0, 033 


Dacron B4 \ 


1 

2 

0. 027 

0. 027 

0. 031 




2 

1 

0. 028 

0, 027 

0. 041 




2 

2 

0. 026 

0. 025 

0. 031 




1 

1 

0. 0 30 

0. 026 

0. 031 

Double- 

None 

None, control 

1 

1 

0. 033 

0. 035 

0. 035 

aluminized 



1 

2 

0. 033 

0. 0 34 

0. 035 

Kapton 









Nomex HT - 9b 

400°F for b hour* 

1 

2 

0. 0 34 

0. 0 34 

0. 032 




2 

1 

0. 031 

0. 0 34 

0. 0 34 




2 

2 

0. 031 

0. 031 

0. 034 




3 

1 

0. 031 

0. 032 

0. 034 


Nomex HT-287 


1 

2 

0. 041 

C. 033 

0. 032 




2 

1 

0. 0 34 

0. 0 32 

0. 0 34 




2 

2 

0. 034 

0. 033 

0. 032 




3 

1 

0. 031 

0. 033 

0. 033 


Dacron B4A 


1 

2 

0. 033 

0. 033 

0. 034 




2 

l 

0. 0 32 

0. 033 

0. 034 




2 

2 

0. 032 

0. 033 

0. 033 




3 

1 

0. 034 

0. 033 

0. 034 

Double - 

None 

None, control 

1 

1 

0. 029 

0. 029 

0. 028 

goldized 



1 

2 

0. 029 

0. 029 

0. 028 

Mylar 









Nomex HT -9b 

400°F for b hour* 

1 

2 

0. 052 

0. 027 

0. 02 5 




2 

1 

0. 065 

0. 024 

0. 025 




2 

2 

0. 032 

0. 022 

0. 029 




1 

1 

0. 031 

0. 026 

0. 025 


Nomex HT-287 


1 

2 

0. 030 

0. 025 

0. 024 




2 

1 

0. 027 

0. 026 

0. 02 3 




2 

2 

0. 030 

0. 026 

0. 025 




3 

1 

0, 037 

0. 030 

0. 031 


Dacron B4A 


1 

2 

0. 027 

0. 028 

0. 027 




2 

1 

0. 029 

0. 032 

0. 028 




2 

2 

0. 026 

0. 026 

0. 028 




3 

1 

0. 027 

0. 030 

0. 028 
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3. 5. 1 Moisture Degradation Test Procedure 

Two tests were designed and conducted to determine the effect of moisture on 
the DGK and DGM reflector candidates being considered for ILRV application. 
Testing of aluminized reflectors was not necessary because of the availability 
of previous test data. The first test was designed to simulate a severe 
between-flights ground environment. The test specimens were placed in a 
5 ± 1 percent salt fog atmosphere at 100 percent relative humidity and at 
90 ± 3°F for 96 hours. In the second test, designed to simulate a severe high- 
temperature water-vapor environment during reentry, the test specimens 
were subjected to a 300 °F steam environment for 6 hours. The test speci- 
mens were suspended vertically in the salt-fog atmosphere and were 
horizontal in the steam test. 

Each test specimen consisted of a stack of three reflector sheets with the 
outer reflector sheets each separated from the inner sheet by a separator, 
i. e. , a total of three reflector sheets and two separator sheets in each com- 
posite specimen. The composite specimens were 6 by 6 inches. Each of the 
three candidate separators, Nomex HT-96, Nomex HT-287, and Dacron B4A, 
were tested with the DGM and DGK reflectors. 

The degradation on each face of the reflector sheets exposed to the test 
environments was determined by a tape adhesion test in which a piece of 
Scotch No. 250 tape is applied to the surface of the specimen by rolling it 
with a 0. 9-lb rubber roller. After 5 minutes the tape is removed by pulling 
in such a manner that a peeling force is applied to the bond between the tape 
and the specimen surface. The tape surface and specimen face are then 
examined for evidence of transfer of reflector metal from the specimen to the 
tape. These tests were performed at 70 ±5°F and 40 to 60-percent relative 
humidity. 

The tape test evaluates the effect of any moisture degradation on the adhesion 
of the metal layer to the substrate material. The metal removal forces exerted 
by the tape should be much greater than any actual removal forces experienced 
in an ILRV application. This plus the severe environments chosen for the tests 
appear to provide for conservative data on the effects of moisture on the metal 
adhesion. 
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3. 5. 2 Moisture Degradation Test Results 

The tape adhesion test results are shown in Table 3-17. Also shown are tape 
adhesion test results for control samples which were not exposed to either of 
the test environments. No reflector metal was lost on any of the control 
samples. The tape adhesion test results on the DGK specimens exposed to the 
salt-fog environment showed no metal loss, except for one reflector face. 

The 20-percent loss on the No. 3 specimen of DGK/Nomex 287 appears incon- 
sistent with the rest of the data and may have been due to a material anomaly. 
The DGM reflectors exposed to the salt-fog environment sustained metal loss 
when used with the Nomex materials. No metal loss was noted on the DGM 
reflectors used with the B4A separators in the salt fog test. 

Gold was removed by the tape adhesion test from most of the reflector sur- 
faces exposed to the 300° F steam. As in the salt-fog tests, the degradation 
of the DGM appears to be greater than that of the DGK. This may be due to 
the DGM fabrication problems reported by the manufacturer. The metal loss 
on the DGM reflectors with B4A separators appears to be much greater than 
with the Nomex separators. It should be noted that there is no apparent con- 
sistent data trend which show that the outer reflector faces of each composite 
sample were degraded more or less than the inner reflector faces that were 
in contact with separators. Specimen 1, face 1 and Specimen 3, face 2 were 
the outer reflector faces of each composite. The reasons for the large dif- 
ferences in amount of metal removed from reflector surfaces within a given 
composite are not known. One possible reason for the variation in adhesion 
of the gold to the Kapton is surface contamination of the Kapton prior to depo- 
sition of the gold. The variation in adhesion of the gold to the Mylar is 
probably due to the gold deposition problems noted previously. 

3. 5. 3 Moisture Degradation — Conclusions and Recommendations 
The test data indicate that the system design must provide for adequate 
purging of condensibles from the MLI during reentry if temperatures of 
300° F are reached. The data also indicate that control of the condensibles 
within the MLI while the vehicle is on the ground would be necessary if DGM 
reflectors were used. It appears, however, that control of the condensibles 
within the MLI while the vehicle is on the ground may not be required for 
preventing metal adhesion degradation to DGK reflectors. 
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Table 3-17 

MOISTURE DEGRADATION TEST DATA 


Reflector 

Separator 

Exposure 

Specimen 
No. Side 

Percent Metal Transfer 
Using Tape Adhesion 

Double -goldi zed 

None 

None— 

1 

1 

0 

Kapton 


control 

1 

2 

0 



samples 

2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 

Double -goldi zed 

None 

None— 

1 

1 

0 

Mylar 


control 

1 

2 

0 



samples 

2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 

Double -goldized 

Nomex 

Salt fog 

1 

1 

0 

Kapton 

HT-96 

96 hours 

1 

2 

0 




2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 


Nomex 


1 

1 

0 


HT-287 


1 

9 

w 

0 




2 

1 

0 




2 

2 

0 


. 


3 

1 

0 




3 

2 

20 


Dacron 


1 

1 

0 


B4A 


1 

2 

0 




2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 

Double -goldized 

Nomex 


1 

1 

80 

Mylar 

HT-96 


1 

2 

55 




2 

1 

5 




2 

2 

5 




3 

1 

1 




3 

2 

20 


Nomex 


1 

1 

0 


HT-287 


1 

2 

2 




2 

1 

50 




2 

2 

10 
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Table 3-17 

MOISTURE DEGRADATION TEST DATA (Continued) 


Reflector 

Separator 

Exposure 

Specimen 
No. Side 

Percent Metal Transfer 
Using Tape Adhesion 

Double -goldi zed 

Nome?. 

Salt fog 

3 

1 

0 

Mylar 

HT-287 

96 hours 

3 

2 

0 


Dacron 


1 

1 

0 


B4A 


1 

2 

0 




2 

1 

0 




2 

2 

0 




3 

1 

0 




3 

2 

0 

Double - goldi zed 

Nomex 

Steam at 

1 

1 

75 

Kapton 

HT-96 

300 °F 

1 

2 

0 



for 

2 

1 

0 



6 hr 

2 

2 

0 




3 

1 

25 




3 

2 

0 


Nomex 


1 

1 

95 


HT-287 


1 

2 

5 




2 

1 

80 




2 

2 

4 




3 

1 

100 




3 

2 

5 


Dacron 


1 

1 

95 


B4A 


1 

2 

0 




2 

1 

0 




2 

2 

85 




3 

1 

0 




3 

2 

0 

Double -goldized 

Nomex 


1 

1 

98 

Mylar 

HT-96 


1 

2 

60 




2 

1 

40 




2 

2 

0 




3 

1 

98 




3 

2 

30 


Nomex 


1 

1 

60 


HT-287 


1 

2 

20 




2 

1 

50 




2 

2 

50 




3 

? 

1 

70 




3 

2 

20 



64 






Table 3-17 

MOISTURE DEGRADATION TEST DATA (Continued) 


Reflector 

Separator 

Exposure 

Specimen 
TToI — 

Percent Metal Transfer 
Using Tape Adhesion 

Double -goldized 

Dacron 

Steam at 

1 

1 

100 

Mylar 

B4A 

300 °F 

1 

2 

70 



for 

2 

1 

100 



6 hr 

2 

2 

95 




3 

1 

100 




3 

2 

80 


The 300 °F steam is a severe environment which may not be representative of 
the ILRV application as well as other future applications of MLI. Con- 
sequently, additional moisture degradation tests at temperatures between 
100° and 300° F are recommended. 

3.6 OUTGASSING TESTS 

The outgassing characteristics of the materials are of interest because 
of the effect outgassing has on the interstitial gas pressure within the MLI, 
which in turn affects the thermal performance of the MLI. Outgassing 
measurements were accomplished on the three candidate separator 
materials (Nomex HT-287, Nomex HT-96, and Dacron B4A) and on the 
DGK reflector material. 

3.6. 1 Outgassing Test Procedure 

The outgassing measurements were obtained by monitoring a specimen 
weight history while subjecting it to the test environments. The test 
procedure included the following steps: 

A. Install specimen in test chamber. 

B. Allow specimen to reach constant weight before purging with 

dry nitrogen. (This was not done on the first test (Nomex HT-287).) 
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C. Purge chamber with dry nitrogen for 1 to 1-1/2 hours. 

D. Allow specimen to reach constant weight before evacuation 
of chamber. 

_ 5 

E. Evacuate chamber. (A pressure of 10 torr was reached in 

_7 

approximately 10 minutes; pressure as low as 4 x 10 torr 
was eventually reached. ) 

F. Allow specimen to reach constant weight before heating. 

G. Heat specimen to 200 °F at a rate of approximately 8°F per minute. 

H. Allow specimen to reach constant weight at 200 °F before 
increasing temperature. 

I. Increase temperature of separator materials to 400 °F at 

a rate of approximately 8°F/minute. (The maximum DGK 
specimen temperature was 350 °F as this was the maximum 
possible due to the high specimen reflectivity and the small 
heater used. ) 

J. Allow specimen to reach constant weight at the maximum 
temperature before turning off heater. 

K. Turn off heater. 

L. Allow specimen to reach constant weight before repressurizing 
chambe r . 

M. Repressurize chamber. (Air was used for all tests except the 
last (DGK), in which dry nitrogen was used. ) 

One 3- by 3-in. test specimen was used for each of the Nomex HT-287, 
Nomex HT-96, and DGK materials. Four 3- by 3-in. pieces of the 
Dacron B4A material were used as the B4A test specimen because of the 
very light weight of this material. 

The weight measurements were obtained with a Cahn RH electrobalance 
which was mounted inside an Edwards high-vacuum chamber (Figure 3-29). 
The weight measurements were recorded continuously on a Honeywell chart 
recorder. The specimen was heated by a resistance heater placed directly 
below the specimen. A copper constantan thermocouple (2 mil) was attached 
at the center of the specimen to monitor specimen temperature which was 
recorded on a Leeds - Northrup potentiometer recorder. The test apparatus 
and setup are shown in Figure 3-30. 
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CAHN RH ELECTROBALANCE 


DACRON B4A 
TEST SPECIMEN 


RESISTANCE 

HEATER 


BASE OF 
yf VACUUM 
CHAMBER 


Figure 3-29. Outgassing Test Setup Inside Vacuum Chamber 


EDWARDS HIGH- 
VACUUM CHAMBER 
(IN RAISED POSITION) 


CAHN RH 

ELECTROBALANCE 


VACUUM CHAMBER 
CONTROLS AND 
PRESSURE GAGES 


THERMOELECTRIC « 

TEMPERATURE 

CONTROLLER 


NITROGEN 


HONEYWELL CHART 
RECORDER 


CONTROL FOR CAHN 
ELECTROBALANCE 


LEEDS-NORTHRUP 

POTENTIOMETER 

RECORDER 


Figure 3-30. Outgassing Test Apparatus 




3.6.2 Outgassing Test Results 

The outgassing test results are shown in Figures 3-3 1 through 3-34 and in 
Table 3-18. As shown, both of the Nomex materials lost weight in both 
nitrogen purge and vacuum environments. The elevated temperatures, 
however, appear to have had little effect on the outgassing of the Nomex 
materials. The results indicate that, for the Nomex materials, approxi- 
mately 1-1/2 hours are needed in the dry nitrogen gas to remove as much 
of the outgassing products (probably water) as possible. The results also 
indicate that after 4 to 4-1/2 hours in a vacuum, there would be no further 
outgassing. In fact, 86 and 77 percent of the outgassing of the Nomex HT-287 
and HT-96 materials, respectively, in a vacuum, was completed in the first 
hour of vacuum. The slight increase in weight during the 400 °F period of 
testing of the Nomex materials appears to be a test anomaly and was also 
experienced with heating of the Dacron B4A material. It is felt that this is 
probably due to some effect of the heat on the very sensitive Cahn 
electrobalance . 

The Dacron B4A specimen lost essentially all of its weight in air prior to 
purging with the dry nitrogen gas. The relative humidity at the time of 
installing the specimen in the chamber was quite low (19 percent) and it is 
evident that the specimen was prepared and stored before the test in a 
different environment from that in the chamber. There appeared to be no 
significant outgassing of the Dacron B4A specimen due to either the room 
temperature or elevated temperature and vacuum environments. The effect 
of heat on the electrobalance during the 200 °F period was apparent, but 
occurred in a relatively short time, after which there was no gradual weight 
loss. This indicates that there was no outgassing of the specimen. The 
small weight loss during the 400 °F period may also have been due to this 
test anomaly. Since the weight loss was in air, it is felt that this loss was 
water. The apparent ease with which the water was removed and the lack 
of an immediate increase in weight when the chamber was repressurized 
indicates that water is not readily absorbed or adsorbed by Dacron. 

The outgassing of the DGK specimen appears to have been affected much 
more by elevated temperatures than were the Nomex and Dacron separator 
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WEIGHT (grams) 



ELAPSED TIME (hr a) 


Figure 3-31. Outgassing of Nomex HT-287 
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Figure 3-32. Outgassing of Nomex HT-96 
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Figure 3-34. Outgassing of Double-Goldized Kapton 
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Table 3-18 

WEIGHT LOSS DUE TO OUTGASSING 



Weight Loss 

Weight Loss 

Weight Loss 

* ® 

Weight Loss 


Due to 

Due to 

Due to 

T otal 

After 


Vacuum * 

200 °F 

400 °F 

Weight Loss 

Purging 

Material 

(lb/ft 2 ) 

(lb/ft 2 ) 

(lb/ft 2 ) 

(lb/ft 2 ) 

(Percent) 

Nomex 

HT-287 

18. 0 x 10" 5 

1. 45 x 10" 5 

0. 0 x 10" 5 

19. 45 x 10 -5 

2. 6 

Nomex 
HT -96 

9. 17 x 10' 5 

0. 35 x 10' 5 

- 

9. 52 x 10" 5 

1. 6 

Dacron 

B4A 

0. 088 x 10' 5 

- 

0. 176 x 10" 5 

0. 26 x 10' 5 

0. 2 

DGK 

1. 48 x 10" 5 

3. 63 x 10" 5 

4. 37 x 10' 5 

9. 49 x 10~ 5 

3. 5 

^Constant weight in dry 

N^ prior to 

evacuation. 



® Weight of thermocouple wire estimated to be 4. 5 

x 10~3 gram and 

was 

subtracted from total 

measured weight. Percent 

of total initial weight 

which was lost due to 

vacuum and 

tempe rature. 




materials. In fact, as shown in Figure 3-34 and Table 3-18, most of the 
weight loss occurred during the elevated temperature test period. 

3.6.3 Outgassing Tests — Conclusions and Recommendations 
The test results indicate that the Nomex separator materials will outgas 
more than the Dacron material (Table 3-18). The weight loss after purging 
for the Nomex materials varied from 1.6 to 2.6 percent, whereas the weight 
loss for the Dacron B4A was quite low at 0. 2 percent. The weight loss 
after purging (3. 5 percent) for the DGK material was higher than anticipated. 
However, since the weight loss for the DGK material occurred at the elevated 
temperatures, which were higher and of longer duration than in the baseline 
ascent trajectory, the total outgassing in the baseline application would be 
much less. Also, only the outer layers of MLI would be elevated in temper- 
ature during a baseline ascent. As a result, it was concluded that the 
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outgassing characteristics of the materials tested were not severe enough to 
cause rejection of the materials as candidates. 

Three areas are recommended for future study of outgassing characteristics. 
First, a determination of the products leaving the surface of the material 
should be made. Vacuum chamber equipment was not available which would 
allow this within the scope and schedule of this study. Second, a repeat of 
the tests using elevated-temperature purge gas instead of the room- 
temperature purge gas would provide valuable data on the advantages of 
heating the purge gas. Third, tests are recommended on materials which 
have been cooled to cryogenic temperatures after being purged. These tests 
would provide data on the effect of cryo -pumping on the outgassing rate. 

3.7 THERMAL EXPANSION AND CONTRACTION TESTS 
Compatible thermal expansion and contraction between the reflectors, 
separators, and face-sheet materials in an MLI composite are required to 
ensure that the support straps in the face sheets will carry the structural 
load at all times. The face-sheet straps must always have a contraction 
greater than that of the reflector and separator materials at a temperature 
lower than ambient and an expansion less than that of the reflector and 
separator at a temperature higher than ambient. To allow selection of a 
face-sheet system with the proper thermal expansion and contraction 
characteristics, testing of the candidate MLI materials was performed. 

3.7, 1 Test Specimens 

Fifteen specimens were tested as shown in Table 3-19. These included all 
c a nd i d at e„co mpc site materials except the Dacron B4A net separator. 

Because of the diagonal weave configuration of this net, it could not be 
readily tested for thermal expansion and contraction characteristics. 

However, data is available from contract NAS 8-21400 (Reference 1) for 
a Dacron 15413 net, and the thermal expansion and contraction characteristics 
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Table 3- 19 

THERMAL EXPANSION TEST SPECIMENS 


Reflectors 

Double-goldized Kapton (25 to 30 gage) 
Double -aluminized Kapton (25 to 30 gage) 
Double-goldized Mylar (25 to 30 gage) 

Separators 

Nomex HT-287, warp direction 
Nomex HT-287, fill direction 
Beta glass 1653, warp direction 
Beta glass 1653, fill direction 

Face-Sheet Systems 

Polyimide/ Nomex HT-287 
Silicone/ Nomex HT-287 
Viton/Nomex HT-287 
Teflon/Nomex HT-287 
Poly imide/ Beta glass 81677 
Silicone / Beta glass 81677 
Viton/Beta glass 81677 
Teflon/Beta glass 81677 


of this net should be similar to these of Dacron B4A. The Nomex HT-96 
separator material was not included, as the thermal expansion and 
contraction characteristics of this material would be expected to be similar 
to those of the Nomex HT-287 material. 

The reflector and separator samples were 0.3 by 10.0-in. strips which 
formed a loop about the end of the quartz dilatometer rider rod (Figure 3-35). 
The face-sheet system specimens consisted of two 0.2 by 4.0-in. strips 
assembled into a modified holder (Figure 3-36) which provided a simulated 
loop for measurement purposes. 

3.7.2 Test Setup 

Schematics of the quartz tube dilatometer linear transducer apparatus 
system used fc r the measurement of the linear thermal expansion and 
contraction are shown in Figures 3-35, 3-36, and 3-37. Figure 3-38 is a 
photograph of the test setup. Electrical heating by means of nichrome wire 
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Figure 3-35. Sample Area and Flexible Film Holder for Reflector and Separator Specimens 
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Figure 3-36. Specimen Holder for Nonflexible Strip Specimens (Face Sheets; 


wrapped around the quartz tube provided more precise temperature control 
than possible when an exchange gas is employed as the sole means of energy 
transfer. Energy exchange by radiation was reduced by a layer of aluminum 
foil in the annular region between the quartz tube and the cryogen reservoir. 
A layer of foil was also placed between the heater and the quartz tube to 
shield the thermocouples from the 60-cycle heater power. 

Three iron-- constantan thermocouples were positioned along the sample 
length to monitor its temperature (Figure 3-35). Temperature readout 
was provided by a stepper switch, a dc preamplifier (Astrodata TDA 87 5), a 
Sandborn ac-dc preamplifier 150- 1000, and a Sanborn 150 recorder. This 
system provided 20-pv resolution, corresponding to a resolution of approxi- 
mately ±2°F below -320 °F. In measuring higher temperatures, sensitivity 
was sacrificed to permit measurement in a wide temperature range without 
numerous calibrations of equipment auring the test. This decrease in 
sensitivity, coupled with increased output of the thermocouples at the 
higher temperatures, decreased the resolution of temperature to ±3. 5°F. 
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Figure 3-37. Thermal Expansion Test Apparatus 
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Figure 3-38. Thermal Expansion Test Setup 


Dimensional changes in sample length were transmitted to a linear displace- 
ment transducer by a quartz rider rod 0. 5 in. in diameter (Figures 3-35, 
3-36, and 3-37). The linear range of the transducer was 0. 025 in. ; and by 

using a Sanborn 150 Carrier preamplifier for readout, the least detectable 

_ 5 

change in length was 1 x 10 in. The range of the transducer was extended 
past the basic 0.025-in. range by moving the core of the transformer a 
precisely known distance in the appropriate direction whenever the limit of 
the linear range of the transducer was approached. Total expansion 
measurement thus could be extended to 1 in. 

3.7.3 Test Procedure 

After installation of a sample in the system, the sample area and heat 
transfer area were evacuated to about 30p and then were back-filled with 
dry helium gas to a pressure of approximately 10 mm Hg. Initial specimen 
length was established at ambient temperature (70 °F) and used as the 
reference length for subsequent measurements of length changes. 
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After the liquid-nitrogen guard was filled and the liquid-helium reservoir 
was precooled, liquid helium was transferred to the reservoir and the 
sample was allowed to cool to a temperature of approximately -430 °F. The 
heat-exchange medium was evacuated to a pressure of approximately 30p. 
and was held at that pressure throughout the test. Sufficient electrical 
power was applied to the heater to obtain a sample heating rate of from 
2 to 4°F per minute and to maintain sample temperature gradients 
within 7 ° F. 

The boiloff rate of the liquid helium was such that it was possible to obtain 
the expansion values from -430 °F to -320 °F twice for each specimen. 

After the second set of values was obtained, the specimen was allowed to 
warm at the same rate to 300 °F. Temperature and change in length were 
recorded continuously. 

3.7.4 Test Results 

The test results are shown in Figures 3-39> 3-40, and 3-41. Data points 
shown are taken from a smoothed curve of the original data. In addition, 
the thermal contraction characteristics of a Dacron separator are shown 
in Figures 3-40 and 3-41. This data was taken from Reference 1. These 
data for the DGK reflector material are also included in Figures 3-40 and 
3-41 to facilitate a comparison of the expansion and contraction characteris- 
tics of the materials. No expansion or contraction was detectable for the 
Beta glass specimens (Figure 3-41) since the expansion or contraction of the 
Beta glass specimens and the quartz measuring apparatus are equal. The 
error introduced into the data for the other samples by the expansion or 
contraction of the apparatus was negligible and was not included. The data 
are believed to be accurate to approximately ±5 percent. No data are shown 
for the Nomex HT-287 (fill) material below 7 5°F or for the Viton/Nomex 
face-sheet system above 140°F (Figure 3-40), as consistent values could 
not be obtained. 

3.7.5 Thermal Expansion and Coni r action— Conclusions 
and Recommendations 

Selection of a face-sheet system includes consideration of the system 
weight, strength, and ability to withstand the anticipated environment as well 
as the thermal contraction and expansion characteristics. Selection of the 
face-sheet system is discussed in Section 9. 
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Figure 3-39. Thermal Expansion and Contraction of Reflector Materials 
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Figure 3*40. Thermal Expansion and Contraction of Nomex Face-Sheet Systems, DGK, and Dacron B4A- 
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Figure 3-41. Thermal Expansion and Contraction of Beta Glass Face-Sheet Systems, DGK, and Dacron B4A 
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Using a loop of the flexible materials and a simulated loop of the thin, 
relatively stiff face-sheet materials as the test specimens appears to be a 
good approach to testing these materials and is recommended for similar 
tests in the future. 

3.8 ACOUSTIC ENVIRONMENT TESTS 

The MLI system to be used on the ILRV will be subjected to a dynamic load 
environment. Therefore, it is important to evaluate the effects of this type 
of environment on the various components of the MLI systems. In 
particular, dynamic loads such as those resulting from acoustic and shock 
environments may abrade the vapor-deposited gold or aluminum surfaces 
from the reflectors and seriously degrade the thermal performance 
of the system. 

3.8. 1 Acoust ic Test P rocedure 

To evaluate the effect of an acoustic environment, specimens of four 
composites were tested (Table 3-20). Each of the three candidate separators 
was tested with a goldized reflector (specimens 2, 3, and 4) since the 
removal of gold resulting from possible abrasive action of the separators 
was the primary concern. The remaining specimen (No. 1) contained 
aluminized Mylar reflectors and therefore provided for a comparison between 
aluminum and gold surfaces as well as between Mylar and Kapton. The 
thinner DAM material was tested because 15-gage rather than 25-gage would 
be used for DAM material in a design application. The test specimens were 
14 by 14 in. and contained 20 layer -pairs. Each specimen contained fasteners 
along one edge to maintain the relative positions of the layers within the 
composite during mounting of the specimens in the test fixture. 

The test specimens were inspected visually before installation on the test 
fixture. No abnormal variation in the reflective coating or nicks or tears 
in the edges of the reflectors due to the trimming operation were observed. 

The fasteners along the one edge facilitated handling and inspecting the inner 
layers of the specimens without fraying the separator materials. 

A test fixture used for the acoustic test on a concurrent MLI contract 
(Reference 7) was modified and used to hold the test specimens (Figure 3-42). 


84 


Table 3-20 

TEST MATRIX FOR ACOUSTIC TEST 


Specimen 


Reflecto r 


Separator 


1 


2 


3 


4 


15-gage DAM 
(double-aluminized Mylar) 

25-gage DGK 
(double-goldized Kapton) 

25-gage DGK 
(double-goldized Kapton) 

25-gage DGK 
(double-goldized Kapton) 


Dacron B4A 


Dacron B4A 


Nomex HT-96 
Nomex HT-287 


Specimens are composed of 20 layer pairs, 14 x 14 in. 

The modifications consisted of altering the frame which clamped the test 
specimens to the fixture. The test fixture was mounted in the MDAC 
progressive wave tube and was excited from the side opposite that v/hich held 
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Figure 3-42. Test Specimens Mounted on Acoustic Test Fixture 
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the MLI samples. The response of the test panel was monitored by three 
microphones mounted in the progressive wave tube adjacent to the test 
fixture; one at each end and one at the center of the fixture. 

The specimens were tested with an acoustic spectrum shaped like that 
expected in the vicinity of the ILRV orbiter secondary tank 
(refer to Section 4) at 140-, 150-*, and 160-db (overall) sound pressure 
levels. The narrow band frequency spectrums used in the tests are shown 
in Figures 3-43, 3-44, and 3-45. The first step in the test sequence 
consisted of exposing the specimens (simultaneously, as shown in 
Figure 3-42) to 140 db (overall) for 3 minutes. This was followed by 
removal of the clamping frame from the bottom and side of each specimen 
(Figure 3-46) and then by visual inspection of each layer of the composites. 
The clamping frames were then reattached to the test fixture and the above 
sequence was repeated for the 150- and 160-db (overall) test levels. 

3.8.2 Acous tic Test Results 

Inspection of the specimens did not reveal any metal removal or other 
damage to the surfaces of either the DAM or DGK reflectors from any of the 
acoustic test environments. The DAM/Dacron B4A and DGK/Dacron B4A 
specimens showed no tearing of the reflector or unraveling of the separator. 
However, the acoustic environment did tear the reflector sheets and unravel 
the separators in the DGK/Nomex HT-96 and DGK/Nomex HT-287 specimens, 
as shown in Figures 3-47 and 3-48. The separator unraveling of the 
Nomex HT-96 and Nomex HT-287 can also be seen in Figure 3-46. Tears 
were noticed in the DGK reflectors of specimens 3 and 4 after the 150-db run 
and these tears had propagated to lengths of 3 to 4 in. at the conclusion of the 
160 -db run. In general, the DGK/Nomex HT-287 system had more tearing 
than the DGK/Nomex HT-96 system. The results show the Nomex HT-96 to 
be the most susceptible to separator unraveling damage. 

3.8.3 Acoustic Test — Conclusions and Recommendations 

Since the maximum sound pressure levels expected in the vicinity of the 
ILRV baseline orbiter secondary LH^ and tanks used in this study are 

153. 8 and 147. 5 db (overall), respectively, as compared to the highest test 
value of 160 db (overall), it can be concluded that none of the systems 
tested would sustain any degradation of the reflector surface in the reference 
ILRV orbiter application. Tearing of the reflectors, however, might be a 
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Figure 3-44. Narrow-Band Frequency Spectrum for 150-db Overall Sound Pressure Level Test 
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Figure 3-45. Narrow-Band f r equency Spectrum for 160-db Overall Sound Pressure Level Test 
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Figure 3-46. Side and Bottom Retaining Frames Removed After 160-db (Overall) Test 
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Figure 3-47. Tearing and Separator Unraveling of DGK/Nomex HT-96 After 160-db (Overall) Test 
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DGK/NOMEX HT-96 
SPECIMEN 


NOMEX SEPARATOR 


YARNS 


problem in a composite using a heavier separator since the tearing 
experienced in these tests may have been due to the higher loading resulting 
from the much heavier Nomex separators. It should be noted that the cause of 
the tearing is not known and may have resulted from the clamping at the 
specimen edges rather than the weight of the separator. A fluffing out of the 
test specimens and an increase in layer density were observed at the end of 
the tests. This is consistent with the specimen fluffing seen in the acoustic 
tests conducted on contract NAS 8-21400 (Reference 7). No measurement of 
the change in layer density was attempted since the specimen size and edge 
clamping make the interpretation of any such data difficult. However, it 
appears that this fluffing effect could be significant and could easily eliminate 
any increase in layer density due to cyclical compressive loads (refer to 
Section 3. 9). 

A comparison of the specimens indicates that the Dacron B4A net is the 
preferred separator for a dynamic environment since it inhibited tearing of 
the reflectors and was not damaged as were the Nomex separators. Further 
evaluation of the performance of Nomex materials in a high-level acoustic 
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Figure 3-48. Tearing and Separator Unraveling of DGK/Nomex HT-287 After 160-db (Overall) Test 
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environment should be accomplished if these separators are considered in 
a future application. 

3.9 COMPRESSION CYCLING EFFECTS ON LAYER DENSITY 
A primary area of interest in designing a multilayer, high-performance 
insulation system for cryogenic tanks on a reusable vehicle is the effect of 
the numerous compressive load cycles on the insulation layer density. The 
magnitude of an increase in layer density is of interest since this will result 
in a decrease in thermal performance. To evaluate this parameter, the 
layer density as a function of compressive load and number of compression 
cycles has been obtained for the six candidate insulation composites. 

3.9.1 Compression Cycling Test Procedure 

Two test series were conducted. The first series, shown in the test matrix 
in Table 3-21, was designed to determine the effect of 100 compression 
cycles on the composite layer density. A 15 by 15 in. square specimen of 
each of six composites was cycled 100 times from zero to 0. 15 psi com- 
pressive load. In addition, 8 by 8 in. DAK/Dacron B4A and DAK/ 

Nomex HT-287 specimens were cycled 100 times from zero to 15 psi 
compressive load. Compressive loadings greater than 0. 15 psi are not 
anticipated for the orbiter ILRV application. However, the tests of the two 
composites at higher compressive loadings were included to obtain an 
indication of the ability of this type of composite to spring back to a low 
layer density should such a loading be encountered. A smaller-size 
specimen was used for the higher compressive load tests to match the 
range of the different load cell used in the Instron machine for these tests. 
All of the composite specimens in the first test series consisted of a stack 

of 20 layer-pairs. In the lower cyclical compressive load tests, data 

-4 

reduction was not attempted below a load of approximately 1x10 psi 

due to the minimal slope of the curve at lower compressive loadings. In 

the higher cyclical compressive load tests, data reduction was not attempted 
-2 -2 

below 1. 5 x 10 and 5 x 10 psi for the same reason. The uncertainty 

-4 -2 

in reading the data from the curves at the 1x10 psi and 1. 5 x 10 or 

-2 

5x10 psi loadings was less than 2 percent (less than 1 percent in many 
tests). 

The second test series was designed to determine the effect of the number of 
layer-pairs (in a 1-g field) on the layer density vs compressive load 
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Table 3- 21 


COMPRESSION LOAD CYCLING EFFECT ON 
LAYER DENSITY-TEST MATRIX 


Composite 

Specimen 
Size 
(in. ) 

Number of 
Layer-Pairs 

Compressive 
Load Range 
(psi) 

Number of 
Compression 
Cycles 

DAK/Dacron B4A 

15 x 15 

20 

0 to 0. 15 

100 

DAK/Nomex HT-287 

15 x 15 

20 

0. to 0. 15 

100 

DAK/Nomex HT-96 

15 x 15 

20 

0 to 0. 15 

100 

DGM/ Dacron B4A 

15 x 15 

20 

0 to 0. 15 

100 

DGM/Nomex HT-287 

15 x 15 

20 

0 to 0. 15 

100 

DGM/Nomex HT-96 

15 x 15 

20 

0 to 0. 15 

100 

DAK/Dacron B4A 

8x8 

20 

0 to 15 

100 

DAK/Nomex HT-287 

8x8 

20 

0 to 15 

100 


DAK: Double Aluminized Kapton, 25 to 30 gage 

DGM: Double Gold’’ zed Mylar, 25 to 30 gage 


relationship and to provide layer density vs compressive load data on 

10 layer-pair composites. This data on 10 layer-pair composites was 

needed to facilitate data reduction of the flat-plate calorimeter tests 

(Section 3. 10) which used 10 layer-pair specimens. The composites tested 

included DAK/Dacron B4A, DAK/Nomex HT-287, and DAK/Nomex HT-96 

as shown in the test matrix in Table 3-22. Only one compression cycle was 

used in these tests. The compressive load was varied from zero to 0. 15psi. 

The 1 5 -by - 1 5 in. test specimens used in the previous test series were also 

used iu these tests. The test sequence consisted of testing the 20 layer-pair 

specimen used in the previous tests, separating this specimen into 

two 10 layer-pair specimens and testing each, and finally reassembling the 

material into a 20 layer-pair specimen for the second 20 layer-pair test. 

% 

Thus, two tests of both 20 and 10 layer-pair specimens were obtained. The 
handling of the specimens between tests served to restore them to an 
uncycled layer density condition. 
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Table 3-22 


EFFECT OF NUMBER OF LAYER PAIRS ON 
LAYER DENSITY-TEST MATRIX 


Specimen Compressive Number of 

Size Number of Load Range Compression 

Composite (in. ) Layer Pairs (psi) Cycles 


DAK/ Dac ron 

B4A 

15 

X 

15 

20 

0 

to 

0 . 

15 

1 

DAK/ Dac ron 

B4A 

15 

X 

15 

10 

0 

to 

0 . 

15 

1 

DAK/ Dacron 

B4A 

15 

X 

15 

10 

0 

to 

0 . 

15 

1 

DAK/ Dac ron 

B4A 

15 

X 

15 

20 

0 

to 

0 . 

15 

1 

DAK Nomex 

HT- 287 

15 

X 

15 

20 

0 

to 

0 . 

15 

1 

DAK Nomex 

HT- 287 

15 

X 

15 

10 

0 

to 

0 . 

15 

1 

DAK Nomex 

HT - 287 

15 

X 

15 

10 

0 

to 

0 . 

15 

1 

DAK Nomex 

HT- 287 

15 

X 

15 

20 

0 

to 

0 . 

15 

1 

DAK/ Nomex 

HT-96 

15 

X 

15 

20 

0 

to 

0 . 

15 

1 

DAK/ Nomex 

HT-96 

15 

X 

15 

10 

0 

to 

0 . 

15 

1 

DAK/ Nomex 

HT-96 

15 

X 

15 

10 

0 

to 

0 . 

15 

1 

DAK/ Nomex 

HT-96 

15 

X 

15 

20 

0 

to 

0 . 

15 

1 


DAK and DGM reflector materials were used in all of the tests. Since the 
metal is only approximately 300 to 400 angstroms thick on the surface of 
the Kapton or Mylar, there should be little if any difference between the 
layer densities obtained with a DAK and DGK reflector or with a DGM and 
DAM reflector. Consequently, the DAK data obtained in these tests was 
also used for composites using DGK since both are the same thickness. 
Similarly, the DGM data were used for DAM of the same thickness. 

All of the tests in both series were conducted in air at room temperature 
with an Instron Universal testing machine (Figure 3-49). A test fixture 
consisting of upper and lower platens with flat faces was installed in the 
Instron machine and the specimen was placed between these platens 
(Figure 3-50). Before testing, the upper platen was positioned above the 
lower platen at a distance greater than the free layup thickness of the 
specimen. This established a no-load reference position for all of the 
load cycles. The reading on a dial gage that monitored the displacement 
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Figure 3-50. Test Fixture Used In Compressive Load Tests 


CRM 


Figure 3-49. Compressive Load Test Setup 
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of the upper platen was taken at this no-load position. The platen position, 
as indicated by the dial gage, was also recorded at the maximum load 
position of the platen. These two readings of the dial gage were used to 
determine an accurate deflection scale for use in reading the data trace. 

For example, the 0.2979 in. = 7.43 chart units deflection scale shown in 
Figure 3-51 was obtained in this manner. The controls of the Instron were 
set so that the machine automatically cycled between the no-load machine 
setting and the maximum test load at a head speed of 0. 2 in. per minute. 

A continuous record of the displacement of the upper platen as a function 
of the applied load was made on the Instron chart recorder using the most 
sensitive chart and load ranges available. Figure 3-51 is a typical chart 
recording of both the loading and unloading of the specimen for one load 
cycle. The compressive loading in psi and the density in layer-pairs/inch 
were reduced, at selected points, from the chart recording of the applied 
load in pounds and the platen displacement in inches. 

3.9.2 Compression Cycling Test Results 

The test results indicating the effect of 100, zero-to-0. 15-psi compressive 
load cycles on the layer density of the composites are shown in Figures 3-52 
through 3-57. The layer density obtained at 0. 15 psi is not included in these 
figures, but is contained in the tabulated data presented in Reference 5. A 
comparison of the data indicates that the DAK/ Dacron B4A composite 
sustained the lowest percentage increase in layer density resulting from 

the 100 compression cycles, whereas the DGM/Dacron B4A sustained the 

_4 

highest. These layer density increases at a compressive loading of 10 psi 
were approximately 5 and 20 percent for the DAK/Dacron B4A and DGM/ 
Dacron B4A composites, respectively (Table 3-23). The average increase 

-4 

in layer density for all composites at a compressive loading of 10 psi was 
13 percent. The increase in layer density for composites containing the 
DAK reflectors was consistently less than for those containing the 
DGM reflectors. Most of the increase in layer density occurred during 
the early cycles. In fact, as shown in Figures 3-58 and 3-59, a significant 
portion of the layer density increase occurred during the first two cycles. 
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Figure 3-51. Typical Data Trace for One Compressive Load Cycle 


97 







Compressive Loading (psi) 




Load Cycles on Layer Density of DAK/Dacron B4A 








120 


no 


100 


Compressive Loading (psi) 


Figure 3-53. Effect of Compressive Load Cycles on Layer Density of DAK/Nomex HT-287 
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Figure 3-54. Effect of Compressive Load Cycles on Layer Density of DAK/Nomex HT-96 




Figure 3-55. Effect of Compressive Load Cycles on Layer Density of DGM/Dacron B4A 
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Figure 3-56. Effect of Compressive Load Cycles on Layer Density of DGM/Nomex HT-287 



Table 3-23 


EFFECT OF 100 COMPRESSIVE LOAD CYCLES 
ON LAYER DENSITY 


Composite 

Layer Density Increase at 
10~4 p S i Compressive Load 
(%) 

DAK/Dacron B4A 

4. 75 

DAK/Nomex HT-287 

11.0 

DAK/Nomex HT-96 

12. 0 

DGM/ Dacron B4A 

20. 0 

DGM/Nomex HT-287 

13. 5 

DGM/Nomex HT-96 

17. 5 


Figures 3-58 and 3-59 also indicate that there is an exponential relationship 
between the layer density and the number of load cycles after the second to 
fifth cycles. 

Of the composites tested, the lowest layer density was obtained for the 

DGM/Nomex HT-96. The layer density obtained for the DGM/ 

-4 

Nomex HT-96 composite at 10 psi compressive load was approximately 
one-half the layer density of the DAK/Dacron B4A at the same compressive 
load (Table 3-24). The DAK/Dacron B4A has the highest layer density of 
the composites tested. A comparison of the layer densities for DAK and 
DGM composites using the same separator shows that, at the very low 
compressive loads, the use of a DAK reflector consistently resulted in 
layer densities higher than those obtained with a DGM reflector. However, 
at the higher compressive loads, the layer densities of the DAK and 
DGM composites are similar. This is as expected since the thickness of 
the reflector becomes more significant at higher loads, and the two reflector 
materials used in these tests are both 25- to 30-gage material. A compar- 
ison of the data for the two Nomex separators with the same reflector 
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Figure 3-57. Effect of Compressive Load Cycles on Layer Density of DGM/Nomex HT-96 
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Figure 3-59. Effect of Number of Compressive Load Cycles on Layer Density of DGM Composites at 1 x 10 
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Table 3-24 

LAYER DENSITY AT 1 X 10“ 4 PSI COMPRESSIVE LOAD 

AND IN A ONE-G FIELD 
AFTER 100 COMPRESSION CYCLES TO 0. 15 PSI 


Composite 

Density 

(Laye r - Pairs / Inch) 

DAK/Dacron B4A 

90 

DAK/Nomex HT-287 

61 

DAK/Nomex HT-96 

60 

DGM/ Dacron B4A 

66 

DGM/Nomex HT-287 

50 

DGM/ Nomex HT-96 

48 


material reveals that the Nomex HT-96 and HT-287 have similar layer 
d- . cities at a given compressive load. 

The DAK/Nomex HT-287 and DAK/Dacron B4A composites which were 

cycled from zero to 15 psi had sustained, as was expected, much greater 

increases in layer density at the end of 100 compressive cycles than the 

same composites cycled only to 0. 15 psi (compare Figures 3-60 and 3-61 

with Figures 3-52 and 3-53). Because a higher range load cell was used 

-4 

for these tests, the layer density at 10 psi was not obtained. However, 

using the layer densities at 0. 1 psi after 100 cycles and extrapolating this 

-4 

to 10 psi, assuming the curve is parallel to the low load curve in Fig- 
ures 3-52 and 3-53, indicates approximately a 35-percent increase in layer 
density for the DAK/Nomex HT-287 con^xisite and approximately a 
120-percent increase in layer density for the DAK/Dacron B4A composite. 
Although these layer density increases are significant, it should be noted 
that the composites showed a good recovery in thickness considering the 
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Figure 3*60. Effect of High Conipressive Load Cycles on Layer Density of DAK/Dacron B4A 
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Figure 3-61. Effect of High Compressive Load Cycles on Layer Density of DAK/Nomex HT-287 





very heavy load to which they were subjected; fifteen psi is equal to 
slightly over 1 ton per square foot. Inappropriate emphasis should not 
be placed on these high load data, since, as stated earlier, compressive 
loads above 0. 15 psi are not anticipated in the orbiter ILRV. 

It should be noted that the increase in layer density due to compressive load 
cycles may be offset in an actual vehicle application by the acoustic vibra- 
tions and the evacuation forces. Both of these should tend to fluff out the insu- 
lation. It should also be noted that, without exception, the layer density is 
still decreasing at a compressive load of 10“^ psi (Figures 3-52through 3-57). 

This reveals that the layer density in the no-load environment of space will 

-4 

be less than that obtained in these tests at 10 psi. For this reason, and 

because of the potential fluffing of the insulation, the layer density at 
-4 

10 psi after 100 cycles (Table 3-24), should tend to result in a conserva- 
tive prediction of the in-space layer density. 

A comparison of the layer density as a function of compressive loading for 
10- and 20-layer-pair specimens is shown in Figures 3-62, 3-63, and 3-64. 
Tabulated data are given in Reference 5. These data indicate that, in a 
one-g field, 20 layer-pairs of any of these three composites will have a 
15 to 20 percent higher layer density than 10 layer-pairs. It should be 
noted, however, that these data are applicable only in a one-g field. In a 
zero-g field (no-load) environment of space, the layer densities should 
return to a similar low value regardless of the number of layers since the 
only difference in loading between 10 and 20 layer-pairs in a one-g field is 
the weight on each layer of the layers above it in the composite. Also, it 
was snown in the cyclical compression tests that the layer density will 
return to nearly its previous value after being compressed with a low load. 
Except for the first 10-layer specimen of DAK/Nomex HT-96, shown in 
Figure 3-64, the data appear consistent with anticipated results and the two 
layer-density curves for a given composite and number of layer-pairs are 
in good agreement. 
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Figure 3-62. Effect of Compressive Loading on Layer Density of 10 and 20 Layer-Pairs of DAK/Dacron B4A— First Loading Cycle 
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Figure 3-63. Effect of Compressive Loading on Layer Density of 10 and 20 Layer-Pairs of DAK/Nomex HT-287— First Loading Cycle 
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Figure 3-64. Effect of Compressive Loading on Layer Density of 10 and 20 Layer-Pairs of DAK/Nomex HT-96— First Loading Cycle 




3.9.3 Compression Cycling Tests — Conclusions and 
Recommendations 

An indication of the maximum expected increase in MLI layer density due 
to 100 compressive loading cycles from zero to 0. 15 psi was obtained for 
six candidate composites. Of these, the DAK/Dacron B4A composite will 
sustain the lowest increase. The layer density increase of composites 
subjected to loads from zero to 1 5 psi would be significant but would not 

completely degrade performance. It was also concluded that the layer 

-4 

densities obtained at 10 psi, after 100 compressive load cycles from 
zero to 0. 15 psi, are a conservative prediction of the in-space layer 
density. 

Further testing of the effects of compression cycling on the layer density 
does not appear to be required for the six composites considered in this 
study. Compression cycle testing and the test procedure used in this study 
are, however, recommended for composites identified in future studies. 
Testing to a high compressive load of 1 5 psi is not recommended in future 
tests unless this loading is a definite possibility for the application being 
considered. 

3. 10 FLAT-PLATE CALORIMETER TESTS 

Thermal performance data are required for selection of composite materials 

and thermal analyses. To obtain these data, an effective thermal conductivity 

was obtained for four composites while in a vacuum of less than 10 Torr 

and at several compressive loadings. In addition to these tests, the effective 

thermal conductivity of one of the composites with interstitial gas in the spec- 

_ 3 

imen at pressures of 1 x 10 and 1 torr was obtained. 

3. 10. 1 Test Specimens 

The test specimens were composed of 10 layer-pairs of reflectors and 
separators, and were 20. 4 in. in diameter. A typical flat-plate calorimeter 
specimen is shown in Figure 3-65. The composites tested were DAK/ 

Nomex HT-287, DGK/Nomex HT-287, DGK/Nomex HT-96, and DCK/ 

Dacron B4A. Utilization of DGK with each of the three candidate separators 
allowed a comparison of the relative performance of these separators. The 
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Figure 3-65. DAK/Nomex HT-287 Flat Plate Calorimeter Specimen 




DAK/Nomex HT-287 specimen allowed a comparison of the relative 
performance of the DGK and DAK reflector materials. 

3. 10.2 Test Apparatus 

A flat-plate calorimeter utilizing the boiloff of a cryogenic liquid to measure 
the heat flux through the test specimen was used to determine the effective 
thermal conductivity of the composites. Temperatures on the cold face 
side of the specimen can be controlled by various cryogenic liquids, depend- 
ing upon the temperature range desired and the heat flux through the speci- 
men. In this test, liquid nitrogen was used to obtain a cold face temperature 
of -320°F. The hot side of the specimen was controlled to maintain a 
temperature of 75°F by the use of a temperature controller attached to a 
20. 5-in. -dia specimen heater. The temperatures were monitored by two 
sets (four thermocouples per set) of iron-constantan thermocouples attached 
to the cold face of the specimen and one set attached to the heater. 

The calorimeter is shown schematically in Figure 3-66, and a photograph 

of the calorimeter test setup and instrumentation is shown in Figure 3-67. 

The calorimeter consists of a central test reservoir surrounded by two guard 

2 

reservoirs. The central test reservoir has an effective area of 7 54 cm . 

A 4-in. -wide inner guard reservoir containing the same cryogen as that in 
the test reservoir surrounds the inner test reservoir. The outer guard, 
which surrounds both inner reservoirs, has two functions: it reduces the 

heat leak down the fill and vent tubes and it reduces the boiloff in the inner 
guard by preventing radiation exchange between the calorimeter wall and the 
wall of the inner guard. 

Attached to the outer guard is a copper curtain that extends down past the 
inner guard and past the specimen. The copper curtain, cooled by conduc- 
tion, establishes a cold wall for radiation exchange between the outer edge 
of the specimen and the calorimeter. The result is a significant reduction 
in lateral heat transfer in the specimen, improvement of one -dimensional 
heat transfer normal to the specimen under steady-state conditions, and an 
increase in the accuracy of the data. 
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Figure 3-66. Cross-Sectional View of Flat Plate Calorimeter 
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Figure 3-67. Flat Plate Calorimeter Test Setup 
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High-performance insulations require a long time to establish steady-state 
heat transfer for small heat fluxes. Therefore, disturbance of the liquid 
cryogen must be minimized to ensure a constant heat flux through the com- 
posite specimen for reliable thermal conductivity data at low compressive 
loads. Disturbances of the temperatures of the liquid cryogen are caused 
by atmospheric pressure changes, refilling the reservoir with the cryogenic 
fluid, and rapid boiloff of the cryogenic liquid. All ol these disturbances 
were minimized in this test. The outer guard significantly reduced the heat 
leak into the inner guard, thereby permitting tests at all compressive loads 
to be evaluated without refilling the inner guard. The boiling point of liquid 
nitrogen changes with variations in atmospheric pressure. Temperature 
and boiloff variations of the liquid nitrogen due to atmospheric pressure 
changes were reduced by a factor of 25 by having the gas pressure in the 
test reservoir and inner guard referenced to a common pressure. The 
gas pressure control system is shown schematically in Figure 3-68. The 
device, wnich is basically an L-shaped tube filled with mercury, maintains 
a near-constant mercury level. Reduction of the atmospheric pressure 
variation is achieved by referencing the pressure in the test reservoir and 
inner guard to the difference in height between the two short legs and the 
5-in. -dia mercury surface at the end of the Jong leg of the L-tube. The 
exits of the lines carrying the boiloff gases from the test reservoir and 
inner guard are immersed about 1 in. below the surface of the mercury 
in the 1-in. -dia short legs of the L-tube subjected to atmospheric pressure 
variations. 

Changes in atmospheric pressure produce changes in the height of the 
mercury column between the level of the mercury surface in the bell jar and 
the exit of the boiloff gas lines. The change in the mercury column height 
is proportional to the ratio of the areas of the small glass tubes and the bell 
jar, resulting in 1/25 of the atmospheric pressure being sensed by the gas 
in the test and guard reservoirs. A water manometer is used to indicate the 
pressure differential between the test reservoir and guard reservoir. The 
pressure difference is adjusted by extending the exit of the tube from the 
inner reservoir about 1 to 2 mm further into the mercury than the tube from 
the test reservoir. The inner guard is maintained at a slightly higher 
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h = Height of Mercury column corresponding to atmospheric pressure 
Ah = Height corresponding to positive pressure of test reservoir, -^25 mm 
Ah' = Height corresponding to positive pressure of inner guard, ~27 nm 


Figure 3-68. Calorimeter Gas-Pressure Control System 


pressure to prevent the recondensation of the boiloff gas in the exhaust tube 
of the test reservoir. The gas pressure above the liquid nitrogen in the 
outer guard is at a positive pressure with respect to that in the test reser- 
voir and in the inner guard. 

The specimen was mechanically loaded by the use of a pressure-operated 
bellows placed under the heater. A glass tube in the bellows pressurization 
line contained a spring-loaded metal pointer which extended into the bellows 
and reacted against the top of the bellows. This was designed and installed 
after the first test. Movement of the bellows in the vacuum system was 
measured by recording the movement of the metal pointer using a cathetom- 
eter. The uncertainty of these measurements was less than ±0.002 in. 

The vacuum seal for the calorimeter was obtained with an O-ring. Changes 
in atmospheric pressure produced changes in the total load exerted on the 
calorimeter resulting in slightly diffe rent O - ring compression values. For 
very low compressive loads, the movement of the calorimeter produced 
noticeable changes in pressure of the bellows. These pressure fluctuations 
with atmospheric pressure variation were reduced significantly by incor- 
porating a Cartesian Manostat (Manostat Corp. ) in the bellows pressuriza- 
tion line and maintaining a very small continuous gas flow to the bellows. 
The bellows pressure was measured using a Baratron pressure gage 
(MKS Instruments Inc. ). Heat flux through the specimen was measured 
using a flowmeter (Precision Scientific Co. ) to monitor the boiloff exhaust 
gases from the test reservoir. 

3 . 10. 3 Test Procedure — Hard Vacuum Tests 

The effective thermal conductivity versus compressive load was established 
by obtaining the heat flux through the insulation at several compressive 
loadings. At each test point, the compressive load (therefore specimen 
thickness) was held constant until steady-state heat transfer through the 

specimen was established. All of these tests were conducted in a vacuum 

— b 

of pressures less than 1 x 10 torr. The 10 layer-pair specimens 
(10 reflectors and 10 separators) were placed in the calorimeter so that 
a separator was in contact with the cold plate and a reflector was in contact 
with the hot plate. 
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Before conducting the tests on the specimens, the inherent heat leak into the 
test reservoir was measured. This heat leak determination was made under 
conditions identical to those during evaluation of the test composites, except 
for an additional cooled plate placed between the test reservoir and the 
bellow’s pressurization system. This pla te was cooled to liquid ni.rogen 
temperatures to reduce radiation exchange between the test reservoir and 
the surroundings. Calorimeter pressure during the heat leak evaluation was 
less than 5 x 10 ”^ torr. 

It was not possible to directly measure the thickness of the insulation in the 
calorimeter during the t»st. However, the thickness of the insulation and 
the distance between the test reservoir (cold plate) and the hot plate was 
obtained for all but the DAK/Nomex HT-287 specimen by recording the 
movement of the bellows on which the hot plate rested. The apparatus for 
this measurement is discussed in the previous section. These bellows 
displacement measurements were used with a known initial hot -plate -to- 
test- reservoir spacing to determine the specimen thickness. The initial 
hot-plate -to-test reservoir spacing was accurately established under 
temperature and vacuum conditions identical to those encountered during a 
test. 

The compressive load on the test specimen at each test point, except for the 
DAK/Nomex HT-287 specimen, was obtained by utilizing the measured 
insulation thickness at that point and the data obtained in the compression 
tests reported in Section 3. 9. The insulation thickness and the fact that 
there were 10 layer pairs provided a laye’’ density which was used in the 
appropriate curve in Figure 3-62, 3-63, or 3-64 to yield the anticipated 
compressive load. An average of the two curves for 10-layer pair 
snocime.-o shown in Figures 3-62, 3-63, and 3-64 was used. It was 
assumed that DGK and DAK would have an identical layer density versus 
compressive loading relationship. 

The test p* oceuure for che first test (DAK/Nomex HT-287) was different 
from that for the other three composites as there was no measurement of 
the insulation thickness. J.n this test, the point of zero compressive load on 
the specimen was established by an electrical contact between the test 
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reservoir and a fine wire placed on top of the test specimen. The pressure 
to the bellows was then increased to the desired compressive load. Several 
problems were encountered with this procedure. The fine wire used for 
establishing the point of contact between the insulation and the test reservoir 
produced an unacceptable uncertainty in determining the point of zero load 
on the insulation. This was due to the difficulty in making the wire lie 
coplanar with the specimen surface, resulting in the insulated wire 
contacting the reservoir at points other than the center. When this 
occurred, the wire was compressed into the insulation, necessitating a 
higher compressive load to make an electrical contact at the center of the 
specimen. Another problem encountered was the uncertainty in the com- 
pressive loading values because the bellows pressure includes both the 
specimen compressive loading and a loading due to friction within the 
system. After installation of the bellows deflection measurement appara- 
tus, a curve showing the relationship between the position of the bellows 
and the bellows pressure w'ith no specimen in the apparatus was estab- 
lished. The difference between the bellows pressure with a specimen 
installed and with no specimen was the compressive loading. Unfortunately, 

the magnitude of the friction was such that it negated obtaining compressive 

_ 3 

loads of less than 2x10 psi and resulted in uncertainties of approximately 

_2 

25 percent at a compressive load of 1 x 10 psi In order to utilize the data 
obtained from the DAK/Nomex HT-287, it was assumed that the bellows 
pressure would be identical between the DAK/Nomex HT-287 and 
DGK/Nomex HT-287 at a given specimen thickness; this assumption that 
DGK and DAK would have an indentical layer -density- versus - compres sive - 
load relationship was used throughout this study. Thus, the compressive 
loading and specimen thickness were determined for the DAK/Nomex HT-287 
by using the bellows -pres sure data for this specimen and the bellows - 
pressures - versus -belK vvs -deflection curve for the DGK/Nomex HT-287 
specimen. 

3. 10.4 Test Results — Hard Vacuum Tests 

The effective thermal conductivity (k), obtained as a function of compressive 
load for each of the composites tested, is shown in Figure 3-69 and 
Tables 3-25 through 3-28. As shown, the Dacron B4A separator provides 
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Figure 3-69. Effective Thermal Conductivity— Flat Plate Calorimeter Data 
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Table 3-25 

DAK/NOMEX HT-287 FLAT-PLATE CALORIMETER DATA 


Layer Density 
(layer pairs/inch) 

Specimen 
Thickne s s 
(ft) 

Compressive 

Load 

(psi) 

W eight 
Density 

(lb/ft3) 

Effective Thermal 
Conductivity (k) 

( Btu/ft -hr - ° R) 

kp 

(Btu-lb/ff 4 -hr-°R) 

64. 1 

0. 013 

2. 06 x 10“ 3 

7. 46 

7. 49 x 10~ 5 

5. 58 x 1 0" 4 

65. 4 

0. 01275 

2. 5 x 10" 3 

7. 60 

8. 1 3 x 1 0“ 5 

't 

i 

o 

X 

00 

o' 

67. 1 

0. 0124 

3. 0 x 10' 3 

7. 81 

8. 64 x 10“ 5 

6. 74 x 1 0' 4 

84. 0 

0. 00992 

1. 15 x 1 0" Z 

9. 78 

1. 068 x 10" 4 

1. 043 x 10‘ 3 


Table 3-26 

DGK/NCMEX HT-287 FLAT-PLATE CALORIMETER DATA 

Layer Density 
(layer pairs/inch) 

Specimen 
Thickne s s 

(ft) 

Compressive 

Load 

(psi) 

W eight 
Density 
(lb/ft 3 ) 

Effective Thermal 
Conductivity (k) 

( Btu/ft-hr - ° R) 

kp 

( Btu - lb/ft 4 - hr - ° R) 

55. 2 

0. 0151 

5. 0 x 1 0" 4 

6. 42 

4. 22 x 1 0 -5 

2. 705 x 10" 4 

65. 4 

0. 01275 

2. 5 x 1 0 -3 

7. 60 

6. 31 x 1 0" 5 

4. 78 x 10' 4 

66. 2 

0. 0126 

2. 7 x 10" 3 

7. 70 

6. 68 x 1 0 3 

5. 14 x 10‘ 4 

92. 6 

0. 009 

2. 6 x 10“ 2 

1 1. 78 

1. 057 x 10" 4 

1. 243 x 10‘ 3 
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DGF/NOMEX HT-96 FLAT- 


! 


Layer Density 
(layer pairs/inch) 

Specimen 
Thicknes s 
(ft) 

Compressive 

Load 

(psi) 

54. 9 

0. 0152 

3. 3 x 10' 4 

59. 5 

0. 014 

8. 6 x 10" 4 

65. 0 

0. 0128 

2. 45 x 10" 3 

74. 7 

0. Oil 18 

9. 7 x 1 0" 3 

87. 0 

0. 00958 

3. 25 x 10“ 2 

101. 0 

0. 00825 

7. 9 x 10' 2 

1 18. 0 

0. 00709 

1. 5 x 10" 1 

126. 5 

0. 00659 
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CALORIMETER DATA 


Weight 

Density 

(lb/ft 3 ) 

Effective Thermal 
Conductivity (k) 

( Btu/ft -hr - ° R) 

kp 

( Bfeu - lb / ft 4 - h r - ° R ) 

5. 46 

2. 36 x 1 0" 5 

1. 29 x 1 O" 4 

5. 93 

2.66x10 3 

1. 575 x 10" 4 

6. 48 

2. 78 x 10" 5 

1. 8 x 10~ 4 

7. 43 

3. 77 x 10" 5 

2. 8 x 10‘ 4 

8. 66 

6. 02 x 10" 5 

5. 21 x 10" 4 

10. 08 

7. 89 x 10" 5 

7. 95 x 10" 4 

11. 70 

9. 53 x 10' 5 

1 1. 14 x 10~ 4 

12. 60 

1. 04 x IQ -4 

13. 1 x 10" 4 


127 


Table 3- 28 

DGK /DACRON B4A FLAT-PLATE CALORIMETER DATA 


Layer Density 
(layer pairs/inch) 

Specimen 
Thickne s s 
(ft) 

Compre s sive 
Load 
(psi) 

W eight 
Density 

(lb/ft3) 

Effective Thermal 
Conductivity (k) 
(Btu/ ft-hr - °R) 

kp 

( Btu - lb /ft 4 - hr - ° R) 

65. 8 

0. 01266 

4. 6 x 10" 5 

2. 61 

1.02 x 10' 5 

2. 66 x 1 0 3 

78. 2 

0. 01067 

1. 8 x 10' 4 

3. 09 

1. 04 x 10‘ 5 

3. 21 x 10' 5 

103. 1 

0. 00809 

2.6x10 3 

4. 08 

1. 76 x 10' 5 

7. 18 x 10 _:3 

1 13. 7 

0. 00734 

4. 0 x 10" 3 

4. 49 

2. 12 x 10“ 3 

9. 52 x 10' 5 

12 3. 5 

0. 00676 

5. 8 x 10" 3 

4. 88 

2. 71 x 10' 5 

1. 322 x 10' 4 

137. 0 

0. 00609 

9. 2 x 10' 3 

5. 41 

3. 53 x 10' 3 

1. 91 x 10‘ 4 

151. 5 

0. 0055 

1. 6 x 10 -2 

6. 0 

4. 43 x 10" 5 

2. 66 x 10 -4 

1 64. 0 

0. 00508 

2. 6 x 10“ 2 

6. 49 

5. 73 x 10" 5 

3. 72 x 1 O' 4 

185. 0 

0. 0045 

5. 0 x 10" 2 

7. 33 

6. 72 x 10" 5 

4. 91 x 10" 4 

208. 5 

0. 0040 

8. 2 x 10“ 2 

8. 25 

7. 57 x 10" 5 

6.24x10 4 

232. 5 

0. 00359 

1. 18 x 10" 1 

9. 20 

8. 49 x 1 0~ D 

7. 81 x 10‘ 4 


the lowest k values for the compressive loads of most interest (<10 psi). 

Of the two Nomex separators tested, the Nomex HT-96 has a lower k than the 

Nomex HT-287. A comparison of the k values for DGK/Nomex HT-287 and 

DAK/Nomex HT-287 indicates that use of a goldized reflector (DGK) will 

result in a slightly lower effective thermal conductivity than will an 

aluminized reflector. This was expected because the emissivity of the 

goldized surface is slightly less than that of the aluminized surface. 

Because of the problems encountered in the first test (DAK/Nomex HT-287) 

_3 

as discussed previously, k values of less than 2x10 were not obtained. 
However, the relative performance of the DGK and DAK composites is 
expected to follow the same trend at compressive loadings of less than 
10 ^ psi. 

Since the separators do not have the same weight, a comparison of the 

composite weights required to provide equivalent thermal performance is 

needed for ranking purposes. This type of comparison is called a kp 

comparison where k is the effective thermal conductivity (Btu/hr ft°R) and 

3 

P is the composite density (lb/ft ). It can be shown that if two composites 
are sized to give an equal steady-state thermal performance, the ratio of 
the kp product for the two composites is equal to the ratio of their composite 
weights. The kp values obtained from the calorimeter test data are shown 
in Figure 3-70 and Tables 3-25 through 3-28. The Dacron B4A separator 
clearly provides the lowest system weight and therefore the best thermal 
performance of the three separators tested. The Nomex HT-96 has a lower 
k product than the Nomex HT-287, but a significantly higher one than the 
Dacron B4A at the compressive loads of most interest. 

3. 10. 5 Test Apparatus and Procedures — Effect of Interstitial 
Gas Tests 

The 10 layer-pair double-goldized Kapton/Dac ron B4A specimen used in the 
previously discussed hard vacuum calorimeter tests was also used in these 
tests. The test setup and apparatus were, with one exception, identical to 
those used previously, (refer to Section 3. 10. 2). This exception was a 
1 /4-mil Mylar sheet placed over the sample and sealed with RTV Silastic 
140 adhesive to the aluminum plate upon which the sample rested. This was 
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DGK/NOMEX HT-287 


DGK/SOMEX HT-96 


DGK/DACRON BUA 


COMPRESSIVE LOADING (psi) 


Figure 3-70. kp-Flat Plate Calorimeter Data 
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required to obtain the interstitial gas pressures of 1 x 10-3 and 1 torr within 
the specimen. Helium was used as the interstitial gas. A temperature of 
-320° F was maintained on the cold surface of the specimen. The hot surface 
of the specimen had temperatures ranging from 36° to 85° F, depending on 
the interstitial gas pressure. 

The layer density of the test specimen had apparently been increased in the 
earlier tests, because micrometer measurements of the specimen prior to 
installation in the calorimeter showed a specimen thickness of 0. 105 in. for 
a nearly-no-load condition. This corresponds to a layer density of approx- 
imately 95 layer-pairs per inch as compared to a layer density of 72 (or 
less) layer pairs per inch as shown in Figure 3-62 for a specimen being 
subjected to a load of 1 0 psi (or less) on the first compressive load 
cycle. Since the layer density vs. compressive load relationship no longer 
corresponds to the data obtained in the compression tests reported in 
Figure 3-62, a good indication of the compressive load at each test point 
could not be obtained. Data were also taken at a layer density of approx- 
imately 118 layer-pairs per inch. 

_3 

In addition to the test points at 1 x 10 and 1 torr interstitial gas pressures, 
a steady- state heat transfer was obtained for the minimum interstitial pres- 
sure which could be obtained. Since the pressure gage used had a minimum 

_3 

capability of 1 x 10 torr, the actual minimum interstitial pressure obtained 

_3 

is not known but was less than 1 x 10 torr. Data at the minimum inter- 
stitial pressure were obtained for only the 95 layer-pairs-per inch layer 
density. 

The effective thermal conductivity was determined from the specimen 
thickness, temperature difference across the specimen, and steady-state 
heat transfer. Test personnel noted that the steady-state heat transfer was 
very sensitive to the interstitial gas pressure at the lower compressive load 
(95 layer-pairs per inch), but this effect was almost negligible at the 
higher (118 layer-pairs per inch) compressive load. 

3. 10. 6 Test Results — Effect of Interstitial Gas Tests 

The test results are shown in Table 3-29 and Figure 3-71. Also shown are 
the effective thermal conductivities obtained in the previous tests for 
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Table 3-29 


EFFECT OF INTERSTITIAL GAS PRESSURE ON EFFECTIVE 
THERMAL CONDUCTIVITY OF DGK/ DACRON B4A 


Interstitial Helium Layer Density Effective Thermal 

Gas Pressure (torr) (Layer-Pairs per Inch) Conductivity ( Btu /hr /ft ° R) 


( 1 x 10“ 6 ) 95 

( 1 x 10‘ 3 ) 95 

1 x 10' 3 95 

1. 0 95 

( 1 x 10 ~ 6 ) 118 

1 x 10" 3 118 

1.0 118 


*1. 4 x 10 
2. 8 x 10 
4. 0 x 10 
1. 2 x 10 
*2. 4 x 10 
1. 7 x 10 
1.2x10 


^'Interpolated from Table 3-2 8. 


interstitial pressures less than 1x10 torr. Data for DAM/Dexiglas 
paper and aluminum foil/fiber glass paper composites, taken from 
Reference 8 and shown in Figure 3-71, indicate that the test data are con- 
sistent with the results of similar previous tests. Based on the effective 
thermal conductivities obtained, it appears that the minimum interstitial 

pressure which was obtained with the Mylar sheet installed was somewhere 
-4 -4 

between 1x10 and 5 x 10 psi. 

3. 10. 7 Flat Plate Calorimeter Tests — Conclusions 
and Recommendations 

Of the three separators tested, the data indicate that the Dacron B4A will 
provide the best thermal performance. The Nomex HT-96 separator will 
provide a better thermal performance than Nomex HT-287, but both are 
associated with a significantly higher kp product than is the Dacron B4A. 

As anticipated (gold has a lower emissivity), a goldized reflector appears to 
have a slight advantage over an aluminized reflector. 
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Figure 3-71. Effect of Interstitial Gas Pressure on Effective Thermal Conductivity of DGK/Dacron B4A 





Section 4 


DEFINITION OF ENVIRONMENT, TOOLING, aND DESIGN 
VERIFICATION TESTS-TASK 2 

The objectives of Task 2 were to: (1) define the environmental parameters to 

be used in the study; (2) define the MLI manufacturing tooling and fixture 
requirements; and (3) delineate tests for composite survivability and verifica- 
tion testing. 

4. 1 ENVIRONMENT 

The environmental parameters required for this study were defined in the 
early part of the contract. These environmental parameters included the 
temperature, pressure, and acceleration loading histories and the acoustic 
environment. The environments defined are those anticipated in the vicinity 
of the cryogenic storage tanks in a typical low - c ros s - range ILRV orbiter 
vehicle. The low- c ros s - range vehicle was selected because it was the basic 
vehicle configuration at that time. 

4.1.1 Thermal Environment 

In order to obtain a thermal environment for use in this study, analyses were 
accomplished which predicted the low- c ross - range (LCR) orbiter vehicle 
side-wall skin-temperature histories at the locations of the secondary liquid 
hydrogen and liquid oxyg*. a tanks. Because these temperatures exceeded the 
maximum allowable internal structural temperatures (300°F), it was assumed 
that a high- tempe rature insulation would be utilized on the inner surface of 
the vehicle skin to reduce these maximum temperatures to the allowable level. 
The resultant internal surface temperature histories are shown in Figure 4-1 
through 4-4. An average temperature of 50°F was assumed for the structure 
surrounding the tanks while in orbit. 

The skin-temperature histories were generated using the MDAC MINIVER 
(MINIature VERsion of the JA70) computer program (Reference 9). Using 
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Figure 4-2. Temperature Histories During Reentry— Vicinity of LO2 Tank 
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Figure 4-3. Temperature Histories During Ascent— Vicinity of LH2 Tank 
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Figure 4-4. Temperature Histories During Ascent— Vicinity of LO2 Tank 







an input trajectory, the program calculates the local boundary layer edge 
properties using a real gas shock traverse and an isentropic expansion or 
compression to the desired surface pressure. Heat transfer is calculated 
using one of eight aerodynamic heating methods and a decision regarding 
transition is made. A thin skin temperature response is determined, along 
with the radiation equilibrium temperature. It is possible to obtain estimates 
of heating at locations whose flow fields are unknown by utilizing ratios to 
known environments. For the analysis presented, a typical LCR orbiter 
trajectory was used. 


Reentry heating to the side of the orbiter was calculated using a ratio of 
0. 025 to the bottom centerline heat- transfe r coefficient, a number derived 
from MACH 10 phase-change- paint data on the LCR orbiter. The bottom 
centerline aerodynamic heating was calculated assuming a shock parallel to 
the vehicle bottom using Eckert's reference enthalpy method for laminar 
flow and Spaulding and Chi's method for turbulent flow; the latter method 
incorporates the von Karman Reynolds analogy. Transition onset was cal- 
culated using the parameter 



0 . 2 


“onset 


20 


where Re^ is a compressible flat-plate momentum thickness Reynolds num- 
ber. Fully turbulent flow was attained when the parameter value reached 80. 
Crossflow for the flat bottom of the LCR orbiter was accounted for by using 
a real gas equivalent of the method of Baranow^ki. 

The ascent boundary layer edge properties were calculated assuming sharp 
plate flow (plus a Prandtl Meyer expansion for the liquid hydrogen tank loca- 
tion). Aerodynamic heating was calculated using the Eckert reference enthalpy 
method for laminar and Spaulding and Chi method for turbulent flow. Transi- 
tion was assumed to occur at a boundary layer edge Reynolds number of 
1 million. 
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The modified structural temperature histories resulting from the addition of 
insulation on the interior of the vehicle skin as shown in Figures 4-1 through 
4-4 were obtain d from a one -dimensional solution of a segment of the skin 
using the MDAC JA03 computer program. The temperature history of the 
skin which was generated with the use of the MINIVER program was used as 
a driving function to obtain the thermal response history for the inside surface 
of various thicknesses of microquartz insulation. That insulation thickness 
which effectively limited the temperature to 300°F at the inside surface was 
chosen. The same insulation thickness which is required during reentry to 
limit the maximum temperature to 300°F was also used to establish the ascent 
temperature histories. 

The assumptions which were used in these analyses to define the thermal 
environment will result in conservative heat-transfer values for the secondary 
tankage; that is, the warmest conditions presently envisioned were used in 
order to assure values of heat transfer to the secondary tankage which are 
higher than nominal. 

4. 1. 2 Pressure Environment 

Pressure histories in the vicinity of the secondary liquid hydrogen and liquid 
oxygen tanks during ascent and reentry were obtained and are presented in 
Figures 4-5 and 4-6. The pressure histories shown are for a typical tra- 
jectory of the ECR orbiter. The ascent pressure histories were obtained 
from the output of the MINIVER program calculations discussed in Subsec- 
tion 4. 1. 1. The predicted pressures are those on the sides cf the vehicle at 
the desired locations. Because of the high angle of attack (60 degrees) during 
reentry, this computer program could not be used to predict the side-wall 
pressures during reentry. However, these pressures should not differ signif- 
icantly from ambient pressures. The reentry pressures shown are ambient 
pressures obtained by using trajectory data and the i962 US standard 
atmos phere. 

4. 1 . 3 Acceleration Loading Histories 

Acceleration loading histories for both ascent and reentry were obtained for 
a typical LCR orbiter trajectory and are shown in Figures 4-7 and 4-8. A 
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Figure 4-5. Pressure Histories During Ascent 
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Figure 4-6. Pressure History During Reentry for Both LH 2 and LO 2 Secondary Tanks 
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Figure 4-8. Acceleration Loading History During Reentry 
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short-time transient acceleration loading occurring immediately after clamp- 
down release at liftoff is not shown since it is expected that it will be signifi- 
cantly attenuated prior to reaching the vicinity of either the secondary liquid 
hydrogen or liquid oxygen tanks. 

The loading will be parallel (g^) to the vehicle axis during boost engine burn. 
The loading will also be essentially parallel (g x ) to the vehicle axis for the 
orbiter ascent burn period since the angle of attack during this period is 
12 degrees or less and is less than 5 degrees during the peak acceleration 
loading. 

The acceleration loading data available for reentry were normal (perpendicular 
to vehicle axis) (g^) values. These values were used to obtain an indication 
of the peak acceleration loading parallel to the vehicle axis (g^). The lateral 
acceleration loading during reentry (g^), as well as during ascent, is expected 
to be negligible. 


4. 1. 4 Acoustic Environment 

Preliminary Shuttle Booster liftoff acoustic criteria have been provided by 
NASA-MSFC (Reference 10) for stations every 600 in. along the booster, 
assuming station 0 at the engines. These data have been linearly interpo- 
lated to estimate liftoff acoustic environments for a S-IVB mounted on the 
Shuttle Booster in contract NAS 7-101, Saturn S-IVB/Alternate Launch 
Vehicle Analyses (Reference 11). The internal vehicle acoustic sound pres- 
sure levels obtained in this study for vehicle locations corresponding to the 
LCR orbiter secondary LH^ and LO^ tank locations are presented in Fig- 
ures 4-9 and 4-10, respectively. These acoustic sound pressure levels are 
assumed to be representative of the acoustic environments anticipated in the 
vicinity of the secondary tanks on the LCR orbiter. Although these levels 
were derived for transmission losses based on S-IVB structural parameters, 
on a preliminary basis, losses for the orbiter should not differ significantly 
from those for the S-IVB. 


4. 2 TOOLING AND FIXTURE REQUIREMENTS 

The MLI, when installed on a tank, consists of panels of the MLI composite 
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Figure 4-9. Acoustic Sound Pressure Level— Vicinity of LH 2 Tank 



































which are fastened together so that the ML1 completely covers the surface of 
the tank. Each panel of ML.I is fabricated to a shape which matches the 
specific contour of the tank in the area where it will be finally installed. 
Tooling is required for each of the basic steps involved in the fabrication of 
a typical panel: (1) precutting material: (2) face sheet fabrication; (3) la} up 
of composite material stack; (4) assembly of stack with fasteners; and (5) 

(5) cutting to final dimensions. The finished panel then undergoes storage 
or immediate tank installation. Fixtures are also required for these 
operations. 

4. 2. 1 Precutting Material 

In this operation, reflector and separator materials are drawn from the as- 
received rolls and alternately stacked on a table to the total number of 
sheets required in a finished panel. The stack is then rough cut to size. 

The primary tooling item required is a device w'hich will hold the material 
rolls on constant-tension spindles at one end of the table. The device 
should also incorporate provisions for removing residual static electricity 
from the material as it is drawn from the rolls. 

A flat-pattern template, which may be made from thin-gage aluminum, is 
needed for placement on top of the stack to serve as a guide for the cutting 
tool for the rough cutting operation. This cutting tool may be either a sim- 
ple knife or a powered cutter. The flat-pattern template must have the 
exact configuration for the required contour cuts in the materials for proper 
layup and should be several inches over finished panel size all around. 

4. 2. 2 Face-Sheet Fabri tion 

The face sheets considered for this study are fabricated by impregnating 
straps onto a fabric. The tooling required for the impregnation and cure of 
the resin includes a layup form and such miscellaneous items as curing 
forms, rubber squeeges, vacuum bags, caul sheets, and a temperature- 
controlled oven. 


v 


146 


A layup form, which can be thin fiber glass configured to the exact contour 
of the finished face sheet, is required for the layup and impregnation 
operations. This form should be scribed to show the outline of the finished 
face-sheet straps or reinforced areas in the finished part. 

A flat-pattern template is needed to cut the primary sheet of fabric material 
This can be the same template used for the composite material precut 
(Subsection 4. 2. 1). Other templates, which may be thin plastic, are neces- 
sary to cut (knife) the second layer of fabric used in the strap areas. 

The scribe marks on the layup form serve as locators for positioning the 
two layers of fabric and the resin. Therefore, no additional tooling other 
than the resin applicator (a rubber squeege) is required for face sheet 
preparation. 

A simple form of the same contour as the layup form is required to hold the 
face jheet during cure. Vacuum bags and caul sheets are also needed for 
the cure process (see Appendix B of Reference 3). 

4. 2. 3 Panel Composite Layup 

A layup surface is the principal tool required, and two of these, one for the 
inner panel and one for the outer panel are required for each panel con- 
figuration. Th • » insulation design, panel configuration, and fabrication 
details are presented in Section 10. The panel configurations are gore, 
end cap, manhole cover, plumbing shroud, and one each of three strut types 
The strut panels are each different because the struts intersect the surface 
of the tank at three slightly different angles. Consequently, a total of 
14 layup tools are required. 

The layup tool (typically, reinforced fiber glass) must have the contour of 
the final part and include provisions for aligning the face sheet, reflector, 
and separator materials used to form the panel. The face sheet layup tool 
(Subsection 4. 2. 2) could be used as the foundation part for this tooling with 
scribe marks used as component indexing guides. Lacing button locations 
must also be defined; again scribe marks could suffice. 
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Provisions must also be made in the layup tool for indexing with othei 
tools; trim templates, locating fastener jigs, and handling and storage 
fixtures. Examples of layup tools for a compound curvature and a single 
curvature panel are shown in Figures 4-11 and 4-12 respectively. The holes 
in the tool in Figures 4-11 and 4-12 are for the jigs used to locate the 
fasteners. Figure 4-13 shows an assembled panel on the compound curva- 
ture tool. Figures 4- 1 1 through 4- 13 were taken from Reference 7. 


Lacing buttons are installed on the face sheets at locations scribed into the 
layup tool. These buttons are stamped out of sheet stock and, therefore, 
require a die. The grommets are purchased. Tools required to install the 
lacing buttons are a leather punch to form the hole in the face-sheet strap 
for the grommet and a grommet pliers to install the grommet. 


No special tooling is necessary for stacking the components on the layup 
tool. After stacking, a tool is required to clamp the components into 
position for fastener insertion. This can be done with the final trim 
template s . 


Figure 4-11. Typical Layup Tool for Compound Curvature Panel 
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Figure 4-12. Typical Layup Tool for Single Curvature Panel 
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Figure 4-13. Assembled Panel on a Layup Tool 
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The final trim templates, one on each panel edge, serve as a guide for a 
cutting tool holder and must also be designed so that they are clamped 
securely in position for this purpose. The cutting tool holder which accurately 
positions a knife or power cutting tool can be guided by a rail built into the 
trim templates. 


After trim template installation and prior to final cutting, the fasteners are 
inserted through the panel and assembled. Accessory tools used in installing 
the fasteners include: (1) the jig which is placed in the holes in the layup 
tool to guide a drill used to form the hole through the panel for the fastener, 
(2) a foam backing block used when drilling the hole, and (3) a radiant heater 
used to form a head on the fastener shank to retain the fastener button A 
special hollow’ drill bit is required. The tooling required for fabricating the 
fasteners includes an injection mold to form the fasteners and a die to stamp 
the fastener buttons out of sheet stock. 

Tooling requirements for the next operation, cutting to final dimensions, has 
been defined above. The last operation, installing the Velco fasteners on the 
inner edges of the panel, requires no special tooling. 

4. 2. 4 Storage and Installation 

Handling and storage fixtures are necessary for each manufactured panel. 
Provisions for attaching and support of completed panels during handling and 
storage are required of this tool. 


The storage fixtures may be simple fiber glass structures similar to the 
layup tools, but they must conform to the contour of the part being stored. 
At most, one is required for each panel stored. However, there is some 
experience which shows that more than one panel of the same configuration 
may be stacked on the same storage fixture without deleterious effects upon 
the insulation composite. 


Handling fixtures will be required for the large gore panels. This is due to 
the highly curved panel's tendency to straighten out and tear if picked up 
without some means of panel support. Again a fiber glass fixture can be 
used. However, in this case, it must be contoured to fit the outer surface 
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of the panel. Typically, the finished panel is held to the storage fixture as 
it is inverted and then the panel lowered into the handling fixture. Thin 
plastic strips can then be used to clamp it in place. The handling fixture is 
lifted to the proper location of the panel on the tank, plastic strips are 
removed, and the panel is firmly attached in place. 

4.3 COMPOSITE SURVIVABILITY VERIFICATION TESTING 
Testing to verify the ability of the MLI materials to survive the anticipated 
ILRV environment was accomplished in Task 1 of this study In addition, 
testing of the fasteners and some testing of the assembled composite were 
accomplished in Task 6. However, further testing of the assembled 
composite's performance in the anticipated environment is needed. The tests 
suggested for consideration in future studies are delineated in the following 
parag raphs. 

4. 3. 1 Static Tensile Loading of ML I Panel Joint 

Because of the high angle of attack of the ILRV orbiter vehicle during 
reentry, structural tensile loads, both parallel and perpendicular to the 
joints, will be sustained during a complete mission. The objective of the 
static tensile loading tests would be to verify the ability of the lacing thread, 
Velcro, and fasteners to hold adjacent panels together at the joint when the 
tensile loading is perpendicular to the joint. This would be a comparatively 
simple test requiring no instrumentation. A visual observation of the joint 
as the load is applied should be adequate. 

A sketch of the test setup is shown in Figure 4- 14. A full scale, 40-in. -wide 
panel is suggested to obtain the maximum sagging, if any occurs, of the 
reflectors at the joint. An 8-in. -wide panel is suggested for simulating an 
upper panel. Full thickness panels of 35 to 45 layer pairs of MLI are 
recommended. The joint is held together with Velcro between the inner face 
sheets and lacing thread between the outer face sheets in a configuration 
identical to that proposed in the system design (Section 10). Face sheet 
straps on the inner face sheet, not shown, would run vertically, as well as 
horizontally. This is also consistent with the conceptual design discussed 
in Section 10. 
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The test specimen would be hung vertically from three tabs m the inner face- 
sheet of the upper panel. These tabs are extensions of the face-sheet straps 
which would be carrying the load in an actual application. The test load to 
the inner face sheet would be applied by attaching weights to the tabs on the 
bottom of the inner face sheet of the lower panel. The loading on the reflec- 
tors and separators could be obtained by applying tape to these components. 

The visual inspection of the joint after the loading has been applied should 
verify the adequacy of the design. Questions of interest will be: (1) does 
sagging occur between the Velcro patches holding the inner face sheets 
together?, (2) do the fasteners sufficiently hold the reflectors and separators 
in place and thereby prevent a gap at the joint?, and (3) does any component 
fail by breaking or tearing? 

4. 3. 2 Dynamic Loading of MLI Penetration Panel 

Most of the previous dynamic loading testing of MLI panels has been on the 
basic panels, such as that reported in Section 3. 8 and Reference 7. Con- 
sequently, dynamic loading testing of a typical MLI panel at a penetration 

such as a tank support strut is needed. This test would verify the capability 

$ ' 

of these strut panels to maintain the desired postioning and structural 
integrity during the dynamic loading in an ILRV ortiter mission. 

A full-scale specimen on a fixture simulating the tank-end of a strut and the 
attachment area of the strut to the tank, is recommended. The proposed 
configuration of the MLI in this area is discussed in Section 10 and shown 
in Figure 10-4 of Section 10. The preparation of this specimen would also 
serve to check fabrication procedures and configuration aspects of this 
panel. 

Dynamic loading induced by both acoustic and vibration environments should 
be considered. However, a study of the anticipated environments may show 
the acoustic environment to be more severe than the vibration and only an 
acoustic test is required. The same specimen could be used for both tests . Ini- 
tially, both of the tesL. v,ould be conducted at room temperature. Instrumentation 
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of the specimen is not essential. A visual inspection of the specimen sub- 
sequent to the loading will reveal the effects, if any, of the dynamic loading. 

4. 3. 3 Dynamic Loadin g of Support Ring and Basic Panel 
The ends of the MLI panels that cover the tank are attached to a support 
ring. This ring is attached to the tank and, therefore, provides a means of 
both supporting and positioning the panels. The objective of this test is to 
verify the ability of the support ring and face-sheet tabs, which attach to the 
support ring, to sustain the anticipated dynamic loading. A further objective 
which can be accomplished in the same test, is to verify the ability of the 
face-sheet straps to withstand the dynamic loading at cryogenic temperatures 
This is of interest since the face-sheet straps tend to become more brittle 
at the cryogenic temperatures. 

The test specimen should consist of a full-scale segment of the support ring 
and attached panels. The proposed MLI design in this area of the tank is 
discussed in Section 10. The cryogenic temperature on the inner face sheet 
would be obtained with cooling coils attached to the test fixture. Tempera- 
tures as low as 37°R (LH^) should be obtained if feasible. 

Instrumentation of the test specimen is not considered essential. A visual 
inspection of the specimen subsequent to the loading will reveal any 
significant effects of the loading. 

4. 3.4 Large Scale Th ermal Performance Tests 

Prior to finalization of an MLI system design, a full-scale or, at least, a 
large-scale test of the system's thermal performance will be required to 
qualify the system for flight. This test would be designed to include all 
phases of an ILRV orbiter mission: ground hold, ascent, in-space, and 

reentry. In addition to data on the thermal performance throughout a 
mission, the test would provide for a verification of the purge, evacuation, 
and repressurization system design. 

The test configuration should be that of the actual flight hardware. This 
includes the tank support struts and tank plumbing penetrations. These 
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penetrations through the MLI could be simulated on a large tank such as the 
105- in. tank being used in the MLI tests planned on contract NAS 8-2 1400, 
if a full-scale ILRV orbiter tank is not available. The MLI, purge bag, 
purge evacuation, and repressurization system design is discussed in 
Sections 6 and 10. 

In addition to the test tank, the test hardware required would include a 
vacuum chamber capable of containing the tank and evacuating at a rate 
which will simulate the early part of a typical ILRV ascent pressure history. 
The test should be conducted using LH^ as the cryogen in the tank and gaseous 
helium as the purge gas. Consequently, storage and transfer capability for 
LH 7 and GHe would be required at the test facility. The test hardware would 
also include the valves, pressure controllers, and plumbing used in the 
purge and repressurization system. A pressure guard would be required to 
attenuate fluctuations in the tank pressure due to slight changes in atmospheric 
pressure. 

The instrumentation would include hot wire anemometers to monitor the 
boiloff from the tank, pressure gages to record the pressure history in the 
chamber and within the purge bag, and thermocouples to measure tempera- 
ture histories on the penetrations, chamber walls, tank, and MLI. Flow 
meters would be required to measure purge and repressurization flow rates 
and a mass spectrometer would be used to measure the concentration of 
condensibles during the purging of the MLI. 

The overall test procedure would involve measuring the thermal performance 
of the system while simulating the pressure history of an actual ILRV orbiter 
mission. Simulation of the anticipated ambient temperature history is not 
considered necessary and would significantly complicate the test. The major 
steps in the test procedure would be: (1) purge MLI, (2) fill tank with LH^, 

(3) evacuate chamber simulating ascent pressure history, (4) hold chamber 

_ 5 

in evacuated condition (pressure less than 10 torr) until steady-state 
boiloff is reached, and (5) repressurize chamber simulating reentry pressure 
history. Purge, evacuation, and repressurization system valves would be 
actuated at the predetermined times during the simulated mission. Data 
from all of the instrumentation would be taken throughout all phases of the 
simulated mission. 
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Section 5 

MLI DESIGN CONCEPTS AND HARDWARE 
DEFINITION- TASK 3 

The objectives of Task 3 were to: (1) define the insulation system concepts 

which are applicable to the ILRV design and which were to be considered in 
this study; and (2) define the materials, configurations, and dimensions of 
the liquid oxygen and liquid hydrogen tanks and associated hardware to be 
used in this study. 

5. 1 INSULATION SYSTEM CONCEPTS 

Four insulation composite configurations were selected for consideration with 
concurrence of NASA-MSFC. These were tank-mounted insulation with or 
without a substrate (foam) and non-tank-mounted insulation with or without a 
substrate. A purge bag would be used with all of these configurations. 

In either non-tank-mounted configuration, the MLI can be mounted on the sur- 
rounding compartment walls or structure of the vehicle, or on a shroud 
which envelops the tank. Of these, a shroud-mounted system appears to be 
more feasible and optimum than a wall-mounted system for the following 
reasons : 

A. Serious weight penalties would be incurred with a wall-mounted 

system because of the increased purge-gas requirements, inc reased 
insulation weight (due to the increased surface area), and additional 
mounting structure requirements. The increased weight due to 
higher purge-gas requirements w'ould include the increased weight 
of the storage bottles as well as the additional reentry purge gas. 

The additional mounting structure would be required in many areas 
because of the presence of other equipment and apparatus and 
because the existing structure and bulkheads would not provide the 
reasonably smooth contoured surface area required for efficient 
MLI installation and performance. In addition, it may not be 
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feasible, due to thermal and attachment problems to attach the MLI 
directly to the inside of the vehicle skin. 

B. The potential ease of installing rectangular panels on the walls of a 
compartment for the wall-mounted system instead of installing gore 
segments on a sphere is offset by the greatly increased problem of 
supporting the MLI panels against the g- forces acting normal to the 
surface. On the exterior of a sphere, because the panels are tied 
together and completely envelop the sphere, the panels are evenly 
supported against theg-forces without the need for attachment to 
the underlying structure. However, a flat panel mounted on the 
structure would need to be fastened to the structure at several dis- 
crete points to prevent significant sagging. This would present 
thermal and mounting problems. 

C. One of the potential advantages of either of the non-tank-mounted 
systems is a reduction in the heat transfer to the tank. This can be 
obtained because the conduction path between the tank and the inside 
reflector sheet has been broken. At the low temperature of the tank, 
radiation is very small and conduction is the primary heat-transfer 
mode between the inside sheet and the tank. However, as the insula- 
tion is removed farther from the tank, the insulation area becomes 
larger which results in an increase in the total heat transfer. 

Folkman and Lee (Reference 12) showed that the insulation-to-tank 
surface area ratio must remain small, less than approximately 1. 2, 
if any increase in thermal efficiency is to be realized. Consequently, 
a wall-mounted system would not be optimum. 

D. A shroud which has a configuration and size such that the shroud- 
to-tank surface area ratio is very small is feasible. For example, a 
shroud can be designed which is located 0.65 inch from the hydrogen 
tank surface and results in a sh roud-to-tank ratio of only approxi- 
mately 1. 02. In addition, the weight penalty with this type of shroud 
would be principally the weight of the shroud since the increase in 
insulation weight and reentry purge-gas requirements would not be 
significant. 

For these reasons, a wall-mounted system was rejected from any further 

consideration in favor of a tank-mounted shroud and a detailed study of the 
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tank-mounted shroud system was initiated. Several configurations for the 
tank-mounted shroud were considered and are shown in Figure 5-1. Of these, 
the tank-configuration shroud offers the lowest possible shroud-to-tank area 
ratio, and the lowest possible increase in purge-gas requirements. The 
single -curvature gore-segment-configuration shroud should facilitate insula- 
tion layup by reducing or eliminating the contour cuts required in the reflec- 
tor sheets. The truncated -cone, dome-and-cylinder, and the regular- 
polyhedron shroud configurations do not appear to offer any advantages which 
might outweigh those of the tank- configuration or single-curvature gore- 
segment-configuration shroudb. Consequently, further investigation of the 
tank-mounted shroud systems was directed to the tank-configuration shroud 
and the single - curvature shroud. 

Both the tank-configuration shroud and the single-curvature shroud would be 
fabricated from fiber glass in gore segments; eight for the LO^ tank and 
twelve for the LH^ tank. The gores would be joined at the equator of the 
tank and supported off the surface of the tank at the equator and ends of the 
tank by fiber glass rings. At one end of the tank, the shroud would be fabri- 
cated to provide clearance for the manhole cover. For the tank-configuration 
shroud, this would be a circular opening while for the single-curvature shroud, 
<-he opening would be a polygon. The gore segments for either shroud would 
require ribs for stiffness and lightening holes to both remove weight and to 
allow efficient purging of the insulation. 

Figure 5-2 presents the design of a single-curvature shroud for the LO^ tank. 

It would consist of eight gores of 0. 020-inch-thick fiber glass which would be 
located at a minimum distance from the tank surface of 0. 65 inch. The 
greater distance from the tank off the centerline of the gores and at the ends 
of the gores would be utilized for the required stiffening ribs. The lightening 
holes would oe located between the ribs. 

Weight estimates were obtained for both of the shroud configurations. These 
estimates are 80 pounds for an LO^ tank shroud and 181 pounds for an LH^ 
tank shroud. The weights of a tank-configuration shroud and a single- 
curvature shroud are, for all practical purposes, equal. There would be a 
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slight weight increase (4 percent for the LO^ tank and 2 percent for the LH^ 
tank) in the weight of the insulation for the single-curvature over the tank- 
configuration shroud due to the increased surface area. The shrouds were 
sized for a 4-g acceleration load parallel to the flight path and a 1-g lateral 
acceleration to the flight path. The thickness of the shroud is dictated by the 
minimum thickness which can be fabricated rather than the strength 
requirements. 

As mentioned previously, insulation panel fabrication should be facilitated by 
the single-curvature shroud configuration. The contour cuts in the reflector 
sheets required for the gore segments in a spherical configuration layup can 
probably be eliminated or at least reduced. This, plus the fact that there 
would be no significant difference in the shroud weight for the two configura- 
tions, resulted in the selection of the single-curvature gore-segment con- 
figuration for non-tank-mounted insulation. 

5. 2 TANKS AND ASSOCIATED HARDWARE 

An MLI system is potentially required on two large tanks in the Orbiter 
vehicle. These are the secondary LH^ and LO^ tanks used to store the 
orbital maneuvering system (OM5) propellant. Establishment of the materials 
configurations, and dimensions of these tanks and associated hardware was 
required before most of the analyses and design in Tasks 4, 5, and 8 could 
be accomplished. Consequently, definition of the tanks and associated hard- 
ware was initiated in the early part of the contract. A survey showed that 
detailed designs of the tanks and associated hardware had not been accom- 
plished at that time and were not scheduled for completion in the immediate 
future. Consequently, definition of the hardware to be used in this contract 
required some design work and the assimilation of the current thinking of the 
ILRV designers and propulsion analysts. It is felt that the lack of final 
design details did not compromise the study as the deviations between the 
final design and that defined for this study should have little or no effect on 
the evaluation and comparison of the insulation materials and systems con- 
sidered. The configuration, size, and location of the tanks was taken from 
the most recent (at the time of the survey) inboard profile drawing of the low 
cross-range Orbiter. 
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5. 2. 1 Liquid Hydrogen Tank and Hardware 

The liquid hydrogen (LH^) tank used in this study is 208 inches long and 
190 inches in diameter with 95-inch radius hemispherical end domes and an 
18-inch-long cylindrical center section as shown in Figure 5-3. The tank 
material would be either 2014-T6 or 2219-T87 aluminum alloy. The current 
vehicle designs did not show the method of tank support. Therefore, an 
equatorial reinforcing frame was designed on the interior tank wail for the 
tank support attachments. Locating the frame on the interior of the tank pro- 
vides a tank outer surface which is relatively free of obstructions and simpli- 
fies both the design and fabrication of the MLI system. Potential interference 
between the structure near the tank and an external tank frame is also elimin- 
ated. The configuration of the frame was sized for a 4-g acceleration load 
parallel to the flight path and a 1-g acceleration lateral to the flight path. 

The approximate dimensions of the frame are shown in Figure 5-4. 

The tank contains a 36-inch-diameter manhole. The manhole cover dimen- 
sions of interest for the application of the MLI at the manhole cover are 
shown in Figure 5-5. The electrical feedthrough and the plumbing feed- 
through fittings (not shown) are welded into reinforced sections of the tank 

wall. 

5. 2. 1. 1 LH^ Tank Supports 

A tank support design was unavailable. Therefore, a design study was 
accomplished to define this critical component. Several alternatives were 
formulated and simple models built. A design utilizing six struts was 
selected. These struts (Figure 5-6) are constructed of fiber glass and 
attached to the tank surface at three points, as shown in Figure 5-3. The 
struts are assumed to be attached to reinforced points in the vehicle frame- 
work on the aft side of the end bulkhead in the cargo compartment. The 
lengths of the struts are shown in Figure 5-3. The struts are 6 inches in 
diameter and are fabricated from collimated fiber glass tape. Approximately 
12 to 16 longitudinal layers and 4 to 5 peripheral layers of tape would be 
required. An average strut wall thickness of 90 mils was assumed. 


163 













5. 2. 1. 2 LH^ Plumbing 

For this study, the pipes assumed to pass through the LH ^ tank wall are 
shown in Table 5-1. All of the plumbing was assumed to be stainless steel 
and it was assumed that all of the plumbing would pass through the tank wall 
at the base of the tank. 


5. 2. 1. 3 LH 2 Tank Electrical Feedthrough 

For purposes of this study, it was assumed that one electrical feedthrough is 
located in the tank near the base. To enable estimating a heat short due to the 
wires, it was assumed that 36 wires of 26 gage would be entering the tank 
through this feedthrough. 

5. 2. 1. 4 LH 2 Tank Substrate 

The three dimensionally reinforced polyurethane foam developed by MDAC 

for use on the interior surface of the Saturn S-IVB LH 0 tank was used as the 

c 

candidate substrate material in this study. The required thickness of a 
substrate was studied in Task 4, Section 6. 
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Figure 5-6. Typical Tank Support Strut 




Table 5-1 

lh 2 TANK PLUMBING 


Purpose 

Diameter 
(in. ) 

Wall Thickness 
(in. ) 

F eedline 

2. 25 

0. 012 

Helium bottle fill and exit flow line 

0. 25 

0. 020 

Start tank pressurization and ventline 

0. 75 

0. 03 5 

Start tank screen ventline 

0. 25 

0. 020 

Main tank fill line 

2. 25 

0. 012 

Start tank fill line 

2. 25 

0. 012 

Main tank vent and pressurization line 

1. o 

0. 012 


5. 2. 2 Liquid Oxygen Tank and Hardware 

The liquid oxygen (LO^) tank used in this study is a spherical tank 127 inches 
in diameter. The tank material would be either 2014-T6 or 2210-T87 alu- 
minum alloy. The end domes consist of aluminum gore segments which are 
welded together to form the two hemispheres and are then welded to an 
equatorial reinforcing ring located on the interior ^surface of the tank. The 
equatorial reinforcing frame designed for the LO^ tank is included in Fig- 
ure 5-4. The frame was sized for a 1-g acceleration lateral to the flight path 
and a 4-g acceleration load parallel to the flight path. The electrical feed- 
through and the plumbing feedthrough fittings are welded into reinforced sec- 
tions of the gore segments. A 36 -inch-diamete r manhole is located in one 
end of the tank. The manhole cover dimensions of interest for the application 
of MLI at the manhole cover are shown in Figure 5-5. 

5. 2. 2. 1 LO^ Tank Supports 

The tank support design selected for the LO^ tank is similar to that selected 
for the LH^ tank, see Subsection 5. 2. 1. 1. The design features six struts 
which are fixed to the spherical tank at three attachment points over the interior 
equatorial reinforcing ring. The other ends of the support struts are 
located at structural hardpoints on the crew and cargo compartments of the 
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baseline vehicle as shown in Figure 5-7. The strut diameters and wall 
thicknesses shown in Figure 5-7 are those required for loadings resulting 
from a 4-g acceleration parallel to the flight path and a 1-g acceleration 
lateral to the flight path. As in the design for the hydrogen tank, the support 
struts would be fabricated from collimated fiber glass tape and would 
incorporate titanium end fittings. 

5. 2. 2. 2 LO^ Pl um bing 

The pipes assumed to pass through the LO^ tank wall in this study are shown 
in Table 5-2. All of the plumbing was assumed to be stainless steel and it 
was assumed that all of the plumbing would pass through the tank wall at the 
base of the tank. 

5. 2. 2. 3 LC >2 Tank Electrical Feedthrough 

An electrical feedthrough and wires identical to that for the LH^ tank, see 
Subsection 5. 2. 1. 3, was assumed in this study. 

5. 2. 2. 4 LC >2 Tank Substrate 

A substrate is not needed on the LC >2 tank since the liquefaction temperature 
of both nitrogen and helium purge gases are below the saturation temperature 
(tank wall temperature) of LC^. 


Table 5-2 

LO z TANK PLUMBING 


Purpose 

Diameter 
(in. ) 

Thickness 
(in. ) 

F eedline 

2. 25 

0. 012 

Start tank pressurization and vent line 

0. 75 

0. 035 

Start tank screen vent line 

0. 25 

0. 020 

Main tank fill line 

2. 25 

0. 012 

Start tank fill line 

2. 25 

0. 012 

Main tank vent and pressurization line 

1. o 

0. 012 
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Section 6 

THERMAL ANALYSES -TASK 4 

The objectives of Task 4 were as follows: (1) to conduct parametric heat 

transfer analyses for the ground hold, ascent, in-space, and reentry phases 
of an ILRV mission; (2) to determine an optimized number of layer-pairs for 
the insulation system; and (3) to determine purge, evacuation, and repres- 
surization requirements. Extensive parametric and optimization analyses 
were accomplished in a related IRAD program designed to consider MLI 
systems for the OMS propellant tasks in an orbiter vehicle. The results 
which are pertinent to this study are included herein. 

6. i lh 2 TANK THERMAL ANALYSES 

Three different MLI system concepts for the LH^ tank were investigated in 
detail: (1) helium purge of the MLI during ground hold and helium repres- 

surization during reentry, with no foam substrate; (2) helium purge and 
repressurization as in No. 1, but with 0. 5 in. of foam substrate; and 
(3) nitrogen purge of MLI during ground hold, helium repressurization 
during reentry, and with sufficient foam substrate to preclude liquefaction 
of nitrogen purge gas during ground hold. All the systems analyzed in 
detail were configured so that the MLI was located on the tank surface since 
a cursory comparison of the weight of a shroud to hold the insulation off the 
tank, with the corresponding anticipated reduction in LH^ boiloff indicated 
that the lowest-weight system was a tank-mounted one. 

6. 1. 1 Ground-Hold Phase— LH ^ Tank 

The ground-hold period is an important consideration for several practical 
reasons, which include the boiloff penalty during lockup prior to launch, 
the constraints on system concepts resulting from the temperature 
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distribution throughout the system during ground hold, and the necessity for 
realistic initial temperatures for the ascent-period thermal analysis. 

The ground-hold heat transfer analyses were conducted using the MDAC JA03 
Three-Dimensional Heat Transfer computer program. This program has 
the capability to calculate the three-dimensional heat transfer and tempera- 
ture distribution within a system which has been defined by a number of 
small sections called nodes. The JA03 uses standard equations for the 
calculation of conduction, convection, and radiation. The incremental 
temperature change of a node is defined as the net heat exchange at the node 
divided by the heat capacitance. 


A cross-sectional segment of the tank and insulation system (Figure 6-1) 
was used in the analyses. A one -dimens ional solution with heat flow normal 
to the surface was assumed. The thermal properties used for the foam 
substrate are presented in Reference 4. The thermal model shown in 
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Figure 6-1 was modified to exclude the foam substrate for the no-foam 
cases. The distance between the purge bag and outer surface of the MLI 
was assumed to be 0.25 in. 

A convection heat transfer coefficient of one, representing natural convec- 
tion between the ambient gas (g :S external to purge bag) and the exterior of 
the purge bag, was assumed. The temperature of the ambient gas 
(assumed to be air in this case) was held constant at 70, 100, and 150°F to 
determine the effect of this parameter on purge-bag temperature, tank wall 
temperature, and ground-hold heating rate. A radiation interchange factor 
of one was assumed between the purge bag and the vehicle structure. Heat 
transfer between the purge bag and the tank was assumed to be due solely 
to conduction through the purge gas. Convection between individual insula- 
tion rheets or between the outer layer of insulation and the purge bag was 
not considered. With the aid of information on free convection between 
flat plates obtained from Reference 13, calculations have shown that for 
small gaps (<0.25 in.) between the outer layer Oi insulation and the purge 
bag, the effects of convection are small in comparison with conduction. 

For large gaps between the insulation and the purge bag (>0.25 in.) the 
contribution from convection is significant, and the effective insulating 
purge-gas layer thickness is equal to the thickness of the insulation. 

The steady-state purge-bag temperature, tank temperature, and heat flux 
for the secondary LH£ tank during ground hold for the systems using a foam 
substrate are shown in Figures 6-2 through 6-5. Temperatures and heat 
fluxes were predicted for foam thickness up to 3 in. and purge -bag -to-tank 
spacings of 0.5, 1.0, and 1.5 inches. Both He and N£ were considered for 
the purge gas. The steady-state purge-bag temperatures and heat fluxes 
for a system using no foam and helium as the purge gas are shown in 
Figures 6-6 and 6-7. The curves in Figure 6-7 are identical to those for 
helium in Figure 6-E except that they have been extended to include the 
no-foam configuration. The results show that, as expected, the critical 
requirement for sizing of a foam substrate, when using He as the purge 
gas (Figure 6-2), is the prevention of ice formation on the exterior of the 
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Figure 6-2. LH 2 Tank Purge Bag Surface Temperatures-Helium Purge 
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Figure 6-3. LH 2 Tank Purge Bag Surface Temperatures-Nitrogen Purge 
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purge bag (assuming a surrounding environment of air); the critical 
requirement for sizing of the foam substrate when using N£ as the purge gas 
(Figures 6-3 and 6-4) is the prevention of liquefaction of the N 2 on the tank. 

If the surrounding environment outside the purge bag is nitrogen instead of 
air, ice prevention on the exterior of the purge bag will not be possible. 

The results also show that, as expected, the higher thermal conductivity of 
helium results in higher heat fluxes relative to those for nitrogen (Figure 6-5), 


In addition to the above results, the effect of the temperature of the gas 
external to the purge bag on the ground-hold heating rate was studied for the 
secondary LH 2 tank. These data are of interest if the interior of the vehicle 
is purged with an ambient or hot gas to prevent frost formation on the main 
tanks. The results shown in Figure 6-8 were obtained assuming a tank-to- 
purge-bag spacing of 0.5 in. This is the minimum spacing anticipated and 
therefore results in the maximum heat flux to the tanks. A nitrogen purge 
was assumed in this case. 














INCHES 


HELIUM PURGE 


NITROGEN PURGE 


FOAM THICKNESS (INCHES) 


Figure 6-5. LH 2 Tank Ground Hold Heat Transfer Rates 
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Figure 6-6. LH 2 Tank Purge Bag Tempnrature-Ground Hold, No Foam 


The LH 2 boiloff penalty associated with ground hold is a result of the 
prelaunch lockup period. Prior to launch, the tanks will be topped continu- 


ously except for this short period just before liftoff. It has been assumed 
that a constant pressure will be maintained within the tank during this time 
by venting hydrogen, and replacement of the liquid will not be possible. For 


the Saturn S-IVB stage, this interval is just under 3 minutes. Consequently, 
in order to estimate the boiloff loss during lockup, a 3-minute period has 
been assumed in this study. The boiloff weight associated with the lockup 
period is given in Figure 6-9 for the system using no internal tank foam and 
helium purge gas. The lockup period boiloff weights for the helium purge 
with 0. 5 in. of internal tank foam and for the nitrogen purge with internal 
tank foam are shown in Figures 6-10 and 6-11, respectively. The 0. 5-in. 
foam thickness used with the helium purge represents a minimum practical 
thickness for the application of the foam material. The foam thicknesses 
used with the nitrogen purge gas represent the minimum thickness which 
must be used to prevent liquefaction of nitrogen on the tank (see Figure 6-4). 
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Figure 6-7. LH2 Tank Ground Hold Heat Transfer -Helium Purge 
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Figure 6-8. Effect of Ambient Gas Temperature on LH 2 Tank Ground Hold Heating Rate 
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The ground-hold temperature distribution affects the amount of thermal 
energy which will soak into the LH 2 during the ascent phase. Consequently, 
the proper distribution must be obtained. Typical steady-state temperature 
profiles for the ground-hold period are shown in Figure 6-12. 


6. 1. 2 Ascent Phase — LH? Tank 

A thermal analysis was performed on each of the three previously described 
insulation system concepts to determine the heat flow into the LH 2 tank 
during the :ent phase. The thermal model and JA03 computer program 
discussed previously were used. In order to perform a realistic analysis 
of the ascent phase, which is a transient condition, a number of considera- 
tions and assumptions were necessary. In each case, regardless of the 
purge gas, an air (or nitrogen) environment between the vehicle structure 
and the purge bag was assumed. This region is vented to the atmosphere 
during ascent and was assumed to follow the ascent pressure profile shown 
as Curve A in Figure 6-13. The MLI interstitial gas pressure was assumed 
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Figure 6-12. Typical Ground Hold Temperature Distributions--LH2 Tank 
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to follow a pressure history shown as Curve B in Figure 6-13. The 
anticipated vehicle structure temperature variation during ascent 
(Figure 4-3) was simulated. Radiation and convection heat transfer between 
the vehicle structure and the purge bag was considered. 

A gap of 0. 25 in. was assumed to exist between the purge bag and the outer 
layer of the insulation panel. Within this space between the purge bag and 
the insulation panels, and within the insulation, the thermal conductivity of 
purge gas was input as a function of both temperature and pressure. 

In order to illustrate the transient nature of the ascent phase, a typical 
purge-bag temperature history is shown in Figure 6-14 and a typical heating 
rate history to the LH 2 is shown in Figure 6-15. The purge-bag temper- 
atures for other thicknesses of insulation were very similar to those shown 
in Figure 6-14. It may be noted that the heating rate drops rapidly from the 
ground-hold level to a value approximately that of the in-space steady-state 
level (Figure 6-15). This serves to illustrate that a major portion of the 
heating occurs during the period in which continuum flow venting is in effect. 
The duration of the ascent phase used was one hour for the no -foam system 
and two hours for the systems with internal tank foam, thus providing suffi- 
cient time for the heating rate to reach a level approximately that of the 
in-space value. The total heat absorbed by the LH^ during the ascent phase 
is shown for the three different system concepts in Figures 6-16, 6-17, and 
6-18. As shown, the energy transferred from the foam and tank into the 
LH^ in the systems with foam significantly increases the total heat input 
during ascent; compare Figures 6-16 and 6-18 with Figure 6-17. 

6.1.3 Evacuated Phase — LH 2 Tank 

Subsequent to the highly transient period during ascent, the system while in 
space will achieve a nearly steady-state performance. This performance 
will not be completely steady-state because it will be affected slightly by 
vehicle surface temperature cycles. In order to match the scope of this 
study, the surrounding structural temperature while in space was assumed 
nominally to be a constant 50°F. 
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Figure 6-14. Purge Bag Temperature History During Ascent*-LH2 Tank 
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Figure 6-18. Heat Transfer to LH 2 During Ascent- Nitrogen, Foam 

At the time of the initiation of this analysis, experimental conductivity and 

composite density data on the composites were not available. As a result, 

for analysis purposes, a typical insulation composite having a density of 

100 layer -pairs per inch and a fuJlv degraded thermal conductivity (k) of 
_ 5 

2.38 x 10 Btu/hr ft °R was assumed. Later experimental information has 
been utilized by ratioing with respect to this reference composite perform- 
ance; the resulting in-space boiloff weights are included in the system 
weights in Subsection 6. 1.5. The total integrated heat absorbed by the LH 2 
tank utilizing the reference insulation composite (100 layer -pair s /inch, 
and k = 2. 38 x 10”^) is provided in Figures 6- 19 and 6-20 for 7-day and 
30-day missions, respectively. 

The thermal conductivity values used to obtain the in-space boiloff weights 
were obtained by adding a 50-percent degradation (due to the fasteners, 
perforations, and joints) to tie effective thermal conductivity values obtained 
in the calorimeter tests (Figure 3-69) at a compressive loading of 
lx 10”4psi. The degraded effective thermal conductivity (k) values used 
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were 1. 55 x 10 and 3. 45 x 10 Btu/hr £t°R for the DGK/Dacron B4A 
and DGK/Nomex HT-96 composites, respectively. The nondegraded k value 
for the DGK/Nomex HT-96 composite was obtained by extrapolating the 
calorimeter data to a value of 2. 3 x 10“^ Btu/hr lt°R. The 50-percent 
degradation included 8 percent for the fasteners, 7 percent for the perfora- 
tions, and 35 percent for the joints. Calorimeter data reported in 
Reference 14 was adjusted for the secondary LH 2 tank system design to 
obtain the degradation due to fasteners and joints. Analytical and experi- 
mental data reported in Reference 12 and experimental data reported in 
Reference 14 were used to obtain a degradation for perforations. Perfora- 
tions of 1 percent or less of the total surface area were assumed. 

It may be noted that only in the evacuated phase does the individual composite 
become significantly important. During the ground-hold, ascent, and reentry 
phases, the purge gas within the insulation panels is an overriding factor in 
the total contribution of heat to the LH 2 , and the MLI composite materials 
have very little effect. 

6. 1.4 Reentry Phase — LH 2 Tank 

The insulation system concepts were analyzed for the reentry phase to 
determine the heat flow into the tank during this period. Only helium was 
considered as the repressurization gas since nitrogen will liquefy on the 
tank surface at LH 2 temperatures. A dual gas system in which helium was 
used at the start of reentry followed by the use of nitrogen at the latter part 
of reentry was not considered in the final analyses as results of the analyses 
for helium with foam showed that the tank temperature did not rise to the 
nitrogen liquefaction temperature rapidly enough to make this a practical 
approach. 

The thermal models used in the analysis were essentially the same as those 
used for the ground-hold and ascent phases. An internal start tank was 
considered as a variation of the no-foam configuration. In this case, the 
secondary tank would be empty at the initiation of reentry, with all residuals 
having been transferred to the start tank. As a result, the temperature of 
the secondary tank wall will rise during reentry. It may be noted that the 
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effect of a start tank would be nonexistent during the ascent phase, because 
the secondary tank is full of LH 2 during that period. The JA03 computer 
program used in the previous analyses was also used for the reentry phase 
analyses . 

In order to assess the effect of the repressurization process on heat transfer 
to the tank, it was necessary to establish a procedure for the introduction of 
gas into the purge volume between the tank and purge bag. Two methods were 
considered. The first method consisted of introducing helium, at the begin- 
ning of reentry to immediately develop and maintain a pressure of 0. 5 psi 
within the purge volume. This pressure of 0. 5 psi above ambient would be 
maintained throughout reentry. The second method consists of maintaining 
the pressure within the purge volume at a level two times the ambient pres- 
sure until a pressure differential of 0. 5 psi is reached. After that point, 
the pressure within the purge volume would be maintained at 0.5 psi above 
ambient. These pressure profiles are presented in Figure 6-21. The latter 
method was chosen for this study as it results in less heat transfer than the 
other method described, because of the lower pressures involved. This is 
discussed further in Subsection 6. 5. 

As in the ascent-phase analysis, the thermal conductivity through the gas 
was assumed to be a function of both temperature and pressure. For the 
case with the internal start tank, free convection was assumed to exist 
between the walls of the two tanks. The results indicated that the convective 
process is significant to the point where very little attenuation of the reentry 
heating is obtained by isolating the LH^ within a start tank without adding a 
foam. 

A typical reentry heat flux history to the LH 2 is shown in Figure 6-22. Again, 
as in the ascent phase, the highest heating is seen to occur near the ground 
(higher pressures), when conduction through the purge gas becomes the pre- 
dominant mode of heat transfer. Typical purge-bag temperature histories 
during reentry are shown in Figure 6-23. 

The total heat transfer to the LH 2 during the reentry phase is provided for 
each system concept in Figures 6-24, 6-25, and 6-26. As shown, and as 
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Figure 6-22. Heat Flux History to LH 2 --Reentry Phase 
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Figure 6-26. Heat Transfer to LH2 During Reentry-Nitrogen Purge, Helium Repressurization, Foam 


expected, the internal tank foam is beneficial in retarding the heat flow to 
the LH2 during reentry. 

6 . 1.5 Relati ve System and Composite Performance and Optimum 
Number of Layers for LH ? Tank 

The data from the analyses for the various phases of a mission described in 
the preceding paragraphs were utilized in the selection, from a thermal 
standpoint, of an MLI system concept and a composite material to be used 
in that system, and in the determination of the optimum number of layers 
to be used in that composite. The lowest system weight was the selection 
criterion. System weight used was a total of the following: 

A. LH2 ooiloff weight during ground hold lockup. 

B. LH2 boiloff weight during ascent. 

C. LH^ boiloff weight during evacuated period in space. 

D. LH2 boiloff weight during reentry period. 

E. MLI composite weight. 

F. Foam weight, where applicable. 
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The boiloff due to the plumbing, tank supports, and wiring bundle was not 
included in the system weight because it was assumed to be similar regard- 
less of the system or composite being considered. However, the in-space 
degradation due to fasteners, joints, and perforations was included. It 
should be noted that the boiloff weight loss values were determined assuming 
a continuously venting tank to maintain a constant tank pressure. This does 
not take advantage of the reduction in boiloff due to tank pressure reduction 
by propellant utilization. The inclusion of the effect of propellant utilization 
was beyond the scope of these analyses. 

During the ground-hold, lockup, ascent, and reentry periods, the heat 
transfer is governed primarily by conduction through the gas within the MLI. 
As a result, the boiloff weights associated with these periods did not vary 
with composite material. However, a significant variation in boiloff weights 
did occur during the ascent and reentry periods for the different systems 
(Tables 6-1 and 6-2; Figures 6-27 and 6-28). As shown, the increased 
boiloff during ascent due to the energy stored in the foam and tank wall and 


Table 6-1 

TYPICAL HELIUM /NO -FOAM SYSTEM 
WEIGHT (LB /FT 2 ) 



7 -Day Mission 

30-Day Mission 

Prelaunch lockup boiloff 

0.0446 

0. 0446 

Ascent-period boiloff 

0. 0321 

0.0321 

In- space -period boiloff 

0. 1307 

0. 5590 

Reentry-period boiloff 

0. 1274 

0. 1274 

Insulation 

0. 2970 

0. 2970 

F oam 

0 . 0 

0 . 0 

Total 

0. 6318 

1. 0601 

He purge, He repressurization. 

No internal tank foam. 

1.0-inch DGK/Dacron B4A (90 layer 

-pair /inch). 
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Table 6-2 


TYPICAL HELIUM/FOAM SYSTEM 
WEIGHT (LB /FT 2 ) 



7 - Day M is s ion 

30-Day Mission 

Prelaunch lockup boiloff 

0. 0367 

0. 0367 

Ascent-period boiloff 

0. 1525 

0. 1525 

In-space -period boiloff 

0. 1307 

0. 5590 

Reentry-period boiloff 

0.0336 

0. 0336 

Insulation 

0. 2970 

0. 2970 

F oam 

0. 2165 

0. 2165 

Total 

0. 8660 

1. 2953 

He purge, He repressurization. 

0. 5 -inch internal tank foam. 

1.0-inch DGK/Dacron B4A (90 layer 

-pair / inch). 



transmitted to the LH^ is greater than the reduction in boiloff which the foam 
provides during reentry (for the trajectory used in this study). Consequently, 
a system utilizing internal tank foam has a higher system weight than a 
no-foam system. Of the three systems considered, the system utilizing 
helium as the purge and repressurization gas and having no internal tank foam 
appears to offer the lowest system weight. It should be noted that selection 
of this system assumes that the interior of the vehicle in the vicinity of the 
LH^ tank is purged with a dry gas to prevent condensation or freezing on the 
purge bag's extt 'or surface. 

As noted above, the selection of a system is influenced by the reentry tra- 
jectory. If the reentry trajectory is altered to include a longer period at 
the high heating rates in the lower atmosphere, it is anticipated that the use 
of internal tank foam would become more desirable. With long cruise periods 
at low altitudes, the reduction in boiloff resulting from using the foam could 
be greater than the increase in ascent boiloff and foam weight. An even 
better approach would consist of placing the foam on the start tank. In this 
configuration, the only penalty to overcome would be the foam weight, 
since all of it would be cooled to LH£ temperature during the ground hold and 
would, therefore, not transmit any energy to the LH£ during the ascent period. 
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Figure 6-27. Effect of System Concept on System Weight-7-Day Mission, LH 2 Tank 
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Figure 6-28. Effect of System Concept on System Weight--30-Day Mission, LH2 Tank 



A cursory comparison of the anticipated reduction in reentry boiloff and the 
corresponding weight of foam on a start tank revealed that, for the trajectory 
being considered, the use of foam on a start tank was probably not advan- 
tageous. However, a reduction in the size of the start tank or an increase 
in reentry time could quickly change this result. 

The candidate composite which provides the lowest system weight is 
DGK/Dacron B4A (Figures 6-29 and 6-30). The DGK/Nomex HT-287 
candidate composite was not considered in detail since it has both higher 
effective thermal conductivity and higher layer density than the DGK/Nomex 
HT-96 (Subsections 3. 10 and 3.9). Composites utilizing DAK reflectors 
were not considered in detail since the test data reported in Subsection 3. 10 
shows that the DAK composites would have a higher system weight than the 
corresponding DGK composite. 

An additional comparison of composites (Figures 6-31 and 6-32) revealed 
that some reduction in system weight could be obtained if the environmental 
design constraints were reduced to permit using the 15-gage DAM reflector 
material instead of the 25-gage candidate reflector materials being con- 
sidered in this study. 

The optimum number of layer pairs for the DGK/Dacron B4A composite is 
indicated in Figures 6-31 and 6-32. A total of 68 layer pairs appears to be 
optimum for a 7-day mission and approximately 94 layer pairs for a 30 -day 
mission. At a layer density of 90 layer pairs /inch, the optimum total thick- 
ness of the MLI would be approximately 3/4 inch for a 7-day mission and 

1 inch for a 30-day mission. The layer density assumed for each composite 

_4 

in the analyses corresponded to the density at 1 x 10 psi compressive 
loading after 100 cycles of compression (Subsection 3.9). The effect of 
layer density on the system weight is shown in Figures 6-33 and 6-34. 

6. 2 LO z TANK THERMAL ANALYSES 

The following two systems were investigated in the thermal analyses for the 
L0 2 tank: (1) helium purge and repressurization, with no foam; and (2) nitro- 
gen purge and repressurization with no foam. The insulation system concept 
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Figure 6-29. MLI Composite Comparison— 7-Day Mission, LH 2 Tank 
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Figure 6-30. MLI Composite Comparison— 30-Day Mission, LH 2 Tank 
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Figure 6-31. Comparison of DGK and DAM Composites- 7- Day Mission 
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Figure 6-32. Comparison of DGK and DAM Composites-30-Day Mission 
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Figure 6-33. Effect of Layer Density on System Weight- 7-Day Mission 
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Figure 6-34. Effect of Layer Density on System Weight -30-Day Mission 






was configured so that the MLI is located on the tank surface. A detailed 
comparison of composites was not made for the LO^ tank because there is 
no evidence to indicate that any of the candidates evaluated previously for 
the LH£ tank would be more competitive on the LO 2 tank. Consequently, the 
DGK /Dacron B4A composite insulation which was shown to be optimum for 
the LH 2 tank was carried along as the most promising candidate for the 
LO 2 tank. 

6.2. 1 Ground-Hold Phase— LO? Tank 

The LO 2 tank thermal analysis for the ground-hold period was performed 
using the same thermal model and approach that was used for the LH2 tank 
(described in Subsection 6. 1. 1), with the exception that an internal tempera- 
ture of -281°F was assumed instead of -423°F to provide simulation of the 
LC>2. The investigation considered the possibility of using either nitrogen 
or helium as a purge gas. Foam placed on the tank was not considered for 
either of these two systems. No requirement for foam exists for the 
secondary LO 2 tank since the temperature of the LO^ is above the condensa- 
tion temperature of nitrogen. 


The steady- state purge -bag temperatures and heat fluxes obtained for the 
secondary LO 2 tank during ground hold are shown in Figures 6-35 through 
6-38. These results include tank-to-purge -bag spacings of C. 5 through 
2.0 in. and temperatures external to the purge bag of 70, 100, and 150°F. 
The results indicate, assuming the purge bag to be surrounded by air, that 
frost formation on the exterior of the purge bag will not be a problem for 
ambient temperatures of about 70°F or higher with nitrogen as the purge 
gas (Figure 6-36). If the purge gas is helium, dry air or nitrogen will be 
required on the exterior of the p ge bag (see Figure 6-35). A comparison 
of Figures 6-37 and 6-38 snows that the use of nitrogen puige gas would, as 
expected, result in lower heat fluxes than ^hose expected with helium as the 
purge gas. The results snow in Figure 6-37 and 6-38 also verify that the 
temperature of the gas surrounding the exterior of the purge bag can have a 
significant effect on the heat flux. 

The weight loss due to boiloff which is expected during a prelaunch lockup 
period of 3 -minute durr-tion is shown in Figures 6-39 and 6-40 for varying 
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Figure 6-35. LO 2 Tank Purge Bag Temperature-Ground Hold (Helium Purge) 
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Figure 6-36. LO 2 Tank Purge Bag Temperature-Grojnd Hold (Nitrogen Purge) 
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Figure 6-38. LO2 Tank Ground Hold Heat Flux (Nitrogen Purge) 
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Figure 6-39. LO2 Tank Prelaunch Boiloff (3— Minute Lockup)— Nitrogen 















tank-to-purge -bag spacings. A typical temperature distribution during 
ground hold for each purge gas is shown in Figure 6-41. For this analysis, 
it WcS assumed that the region between the vehicle structure and the purge 
bag was purged with nitrogen or dry air at 70°F to prevent condensation or 
frost formation on the exterior of the purge bag. 


6.2.2 Asce nt Phase — LO 2 Ta nk 

The thermal analyses for the ascent phase were accomplished using 
essentially the same thermal model and approach as that employed for 
the secondary LH 2 tank analysis (see Subsection 6. 1.2). The predicted 
vehicle structure temperature history in the vicinity of the LC >2 tank as 
shown in Figure 4-4 was simulated. The total heat transfer to the LC^ 
tank during the ascent phase is shown for the helium and the nitrogen 
purge gas systems in Figures 6-42 and 6-43. In this analysis, the 
transient period was taken as two hours, although from the typical heat 
flux history shown in Figure 6-44 it can be seen that a majority of the 
heating occurs during the first few minutes after launch. 


6. 2. 3 Evacuated Pha se — LO 2 Tank 

The thermal analyses for the evacuated phase were accomplished using 
the same approach and assumptions as for the LH 2 tank evacuated 
phase (see Subsection 6. 1.3). This included the assumption of the 
degradation of the in-space effective thermal conductivity by 50 percent for 
fasteners, perforations, and joints. 


The predicted total integrated heat absorbed by the LO 2 during a 7-day 
and a 30-day mission is presented in Figures 6-45 and 6-46. Values are 
shown as a function of the MLI thickness. 


6.2.4 Reentry Phase — LO? Tank 

The thermal analyses for the reentry phase were accomplished using the 
same approach and assumptions as for the LH^ tank reentry phase 
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Figure 6-42. Heat Transfer to LO 2 During Ascent— Helium Purge Gas 
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Figure 6-43. Heat Transfer to L0 2 During Ascent-Nitrogen Purge Gas 
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Figure 6-46. Total Heat Transfer to LO 2 During Evacuated Period— 30-Day Mission 


(see Subsection 6. 1.4). The temperature history shown in Figure 4-2 for 
the structure surrounding the LC >2 tank was used. 


A typical reentry heat flux to the LO 2 for the helium purge is shown in 
Figure 6-47. Total heat transfer during reentry is presented for both the 
nitrogen and helium repressurization concepts in Figures 6-48 and 6-49, 
respectively. 


6. 2. 5 Relative System and Composite Performance and Optimum 
Number of Layers for the LO ^ Tank 

The various candidate composites which were evaluated for the LH 2 tank 
were not reevaluated for the LC >2 tank. This was not necessary since there 
is no specific change in conditions which would enhance a particular 
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Figure 6-47. Heat Flux History to L0 2 — Reentry Phase 
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6-48. Heat Transfer to LO 2 During Reentry— Nitrogen Repressurization Gas 
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Figure 6-49. Heat Transfer to L (>2 During Reentry— Helium Repressurization Gas 
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composite to make it mo.re competitive. As a result, the DGK/Dacron B4A 
composite was considered the most attractive for use on the LO 2 as well as 
on the LH 2 tank. 

As in the analysis of the secondary LH 2 tank (see Subsection 6. 1.5), the low- 
est system weight was used as a criteria for selection of the purge and 
repressurization gas and in determining the optimum number of layers in the 
MLI composite. The system weight was a total of the following: 

A. LO 2 boiloff weight during ground-hold lockup. 

B. LO 2 boiloff weight during ascent. 

C. LO 2 boiloff weight during evacuated period in space. 

D. LO 2 boiloff weight during reentry period. 

E. MLI composite weight. 

The DGK/Dacron B4A composite was investigated with both a nitrogen purge/ 
repressurization and a helium purge/repressurization system. As shown in 
Figures 6-50 and 6-51, the nitrogen purge/repressurization system results 
in the lowest, weight for both the 7- and 30-day missions. There are, however, 
other factors which were not included in these analyses and which must be 
considered in the selection of the purge and repressurization gas for the LO 2 
tank MLI. These include the reduction in weight and system complexity if a 
common repressurization system (common gas supply) is used for both tanks 
and the reduction in ground hold facility requirements which would result 
from using the same kind of purge gas for both tanks. Thus, utilization of 
helium for the LO 2 tank as well as the LH 2 tank may be optimum. This is 
discussed further in Subsection 6.5 and in the Summary, Section 2. 

Determination of the optimum number of layers was made by obtaining the 

system weight as a function of the number of layers (insulation thickness) and 

finding the minimum weight. The layer density which was assumed (90 layers/ 

-4 

inch) corresponded to the density at 1 x 10 psi compressive loading after 
100 cycles of compression (see Subsection 3.9). The optimum number of 
layer-pairs for the DGK/Dacron B4A composite on the LO 2 tank is indicated 
in Figures 6-50 and 6-51. A total of 83 layer -pairs appears to be optimum 
for a 7-day mission. Similarly, a total of 92 layer-pairs appears optimum for 
a 30-day mission. At a layer density of 90 layers/ inch, the above requirements 
correspond to insulation thicknesses of 0.92 and 1.02 in. , respectively. 
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Figure 6-50. Effect of Purge and Repressurization Gas on System Weight— 7-Day Mission 
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6. 3 PARAMETRIC STUDY OF EFFECT OF MLI THERMAL 
PERFORMANCE DEGRADATION 

The detailed thermal analyses accomplished for the LH^ and LC^ tanks and 
reported in Subsections 6. 1 and 6.2 utilized effective thermal conductivities 
and layer densities based on the results of the Task 1 testing, Section 3. 
Thermal performance degradations beyond those included in the thermal con- 
ductivity and layer density values selected for these detailed analyses are not 
anticipated. However, a parametric study, as requested in the RFP and 
presented in the proposal, was accomplished on the possible effect of further 
thermal performance degradations if they occur. The following approaches 
were utilized for these parametric analyses: 

A. A simple percent degradation resulting from each environment 

cycle (vehicle missions). This is accomplished by increasing the 
effective thermal conductivity of the insulation after each cycle by 
a fixed percentage of the initial conductivity. The above may be 
expressed by 

K N = K o (1 + NA) 

where 

Effective conductivity after Nth cycle 
Initial effective conductivity 
Percent degradation per cycle 
Number of cycles 


B. A degradation that decreases in percentage with an increase in the 
' number of environment cycles (vehicle missions). This procedure 
takes the form of 
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A 



I 


l 

! 


where 



K N-1 = 
A = 

B = 

N = 


Effective conductivity after the Nth cycle 
Effective conductivity for previous cycle 
Percent degradation 

Number of cycles after which no degradation occurs 
Number of cycles (N < B) 


The effect of degradation such as that noted above was evaluated for per- 
centage degradations of 1 percent and 5 percent and for 100 cycles. The 
values of effective thermal conductivity resulting from the above calculation 
procedures are provided in increments of 20 cycles in Tables 6-3 and 6-4. 


The amount of propellant lost due to boiloff during the evacuated period was 
determined for both the and LC^ tanks using the degraded thermal per- 

formances obtained from methods A and B. An insulation thickness of 1. 0 in. 

2 2 

and surface areas of 800 ft and 300 ft for the LH 2 and LO 2 tanks, respec- 
tively, were assumed. The results are shown in Figures 6-52 through 6-55. 

■ a 

Table 6-3 

DEGRADATION OF EFFECTIVE THERMAL CONDUCTIVITY 

USING METHOD A 


1% Degradation 5% Degradation 


Cycle No. 

k n 


Cycle No. 

K N 

0 

1. 545 x 

10- 5 

0 

1. 545 X 10‘ 5 

20 

1.851 x 

■ ■ -i 

10- 5 

20 

3.090 x 10“ 5 

40 

2. 160 x 

10 -5 

40 

4. 635 x 10" 5 

60 

2.470 x 

10" 5 

^vy : ;y 6:0 

6. 180 x 10" 5 

1 80 

2. 775 x 

io" 5 

80 

7. 725 x 10 5 V - 

100 

3. 090 x 

10' 5 

100 

9. 270 x IO" 5 


Table 6-4 


DEGRADATION OF EFFECTIVE THERMAL CONDUCTIVITY 

USING METHOD B 


1% Degradation 

5% 

Degradation 

Cycle No. 

k n 

Cycle No. 

k n 

0 

1. 545 x 10- 5 

0 

1. 545 X 10- 5 

20 

1. 831 x 10“ 5 

20 

3. 679 x 10“ 5 

40 

2. 018 x 10" 5 

40 

5. 769 x 10” 5 

60 

2. 119 x 10" 5 

60 

7. 383 x 10 -5 

80 

2. 157 x 10" 5 

80 

8. 080 x 10" 5 

100 

2. 165 x 10‘ 5 

100 

8. 180 x 10" 5 


6.4 HEAT SHORTS DUE TO TANK PENETRATIONS 

The heat input due to the tank penetrations was estimated for both the LH 2 
and LO 2 tanks. The tank penetrations which contribute to this additional 
heat input into the cryogen include the tank support struts, the plumbing, an 
MLI support shroud around the plumbing, and instrumentation wires. The 
Fourier steady-state equation was used to determine heating rates due to the 
plumbing and instrumentation wiring. Data from Reference 15 were extra- 
polated and/or modified to obtain a prediction of the rate of heat flow through 
the tank support struts and the shroud around the plumbing. The data in 

! ' : . I _ : ; ' _ . 

Reference 15 were found to be directly applicable for the LH£ tank design. 
The Reference 15 data were modified for the LO^ tank design to compensate 
for the difference in temperature between LO^ and L^. 


The plumbing was assumed to extend from the base of each tank in a cluster, 
and is insulated as a single unit. The insulation for the cluster will be 
supported by a fiber glass shroud. The shroud and insulation around the 
cluster of pipes were assumed to extend four feet from the tank. It was also 
assumed that the wiring to a single electrical penetration will be included in 
the cluster of plumbing. This wiring was assumed to consist of 36 wires of 
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Figure 6-52. Effect of 1% Thermal Performance Degradation on LH2 Tank Boiloff 
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Figure 6-54. Effect of 1% Thermal Performance Degradation on LO 2 Tank Boiloff 
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Figure 6-55. Effect of 5% Thermal Performance Degradation on LO2 Tank Boiloff 
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26 gage (AWG). The insulation on the tank support struts was assumed to 
extend out on the struts two feet from the tank. Details of the insulation 
design are presented in Section 10. 

A summary cf the estimated heat input due to the tank penetrations is shown 
for the LH^ and L0 2 tanks in Tables 6- 5 and 6-6. These results show a total 
of 11. 45 Btu/hr heating rate to the LH 2 tank and a total of 6. 59Btu/hr to the 
LO^ tank. 

Table 6-5 


TOTAL HEATING RATE DUE TO TANK PENETRATIONS - LH 2 TANK 


Item 

Heating Rate (Btu/hr) 

Plumbing 

2.81 

Plumbing Shroud 

0. 62 

Instrumentation Wires 

0. 52 

Tank Support Struts (6) 

7. 50 


Total 11.45 

TOTAL HEATING RATE DUE 

Table 6-6 

TO TANK PENETRATIONS -L0 2 TANK 

Item 

Heating Rate (Btu/hr) 


Plumbing 


1. 97 

Plumbing Shroud 


0.90 

Instrumentation Wires 


0.52 

Tank Support Struts (6) 


3. 20 


Total?; 

6.59 


6.5 PURGE, EVACUATION, AND REPRESSURIZATION 
REQUIREMENTS 

To obtain efficient in-space performance as well as to prevent degradation 
of the MLI composite, the design of the MLI system must include the means 
for preventing condensation and freezing of condensibles on the layers of 
MLI. This protection is provided by purging the MLI with a dry inert gas 
such as helium or nitrogen during ground hold and repressurizing the MLI 
with one of these gasses during reentry. A purge bag which completely 
envelops the tank is used to contain these gasses. 

An additional requirement for efficient in-space thermal performance is the 
rapid evacuation of the purge gas from the MLI during the ascent and initial 
in-space periods. This is obtained by opening valves to allow evacuation of 
the purge bag and by placing perforations in the MLI reflector layers to 
facilitate rapid evacuation of the composite. 

The rationale and analyses used in defining a conceptual design for the purge 
evacuation, and repressurization systems are contained in the following sub- 
sections. A summary of the purge, evacuation, and repressurization con- 
ceptual design is also presented in this section rather than in Section 10 
(Insulation System Configuration) to aid the reader in following the subse- 
quent discussion. 

6. 5. 1 Purge, Evacuation, and Repressuriz ation System Design Summary 
A schematic of the conceptual purge, evacuation, and repressurization 
system design applicable for both the LH^ and LO^ tanks is shown in 
Figure 6-56. For the ground-hold purge, helium gas is inlet into the vehicle 
through valve Number 2, flows through the six tubular tank support struts, 
and then flows into the MLI at the ends of the :ank support struts, see 
Figure 10-4 in Section 10. The purge gases then diffuse through the MLI, 
and the flushed gases leave the purge volume through an exit tube located at 
the aft end of the tank, see Figure 10-3. The flushed gas flows through 
valve Number 5 to the vehicle wall where it is dumped overboard. Valves 
Numbers 2 and 5 are of the umbilical disconnect type that close (and remain 
closed) at liftoff. 
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NO. 8 


TO L0 2 TANK 



CR14 


TUBULAR TANK SUPPORTS 


'PURGE BAG 


Figure 6-56. Schematic of Conceptual Purge, Evacuation, and Repressurization System Design 
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At liftoff, valves Number 1, 4a, 4b, 4c, and 6 are opened to allow the trapped 
gases to escape. Valve Number 1 is used to evacuate the purge inlet lines. 
Valves 6, 4a, 4b, and 4c are all used to evacuate the gas within the purge 
bag. Valve 6 is a motor -operated butterfly valve and is located at the aft 
end of the tank on the MLI support shroud around the plumbing, see Fig- 
ure 10-3. Valves 4a, lb, and 4c are mounted on the tank supports (Fig- 
ure 10-4) close to the tank so that the flow resistance paths are minimized. 
These are also motor -operated butterfly valves and are located so that one 
valve is near each of the three tank support attachment points, see 
Figure 6-56. 

Upon reentry, all valves are closed and valve Numbers 3 and 8 are opened 
to allow helium stored on the vehicle to enter the purge bags and thereby 
prevent condensible gases from entering the purge bags and damaging the 
insulation. The repressurization gas is introduced through the tank supports 
in a fashion similar to the groundhold purge gas. A control system regulates 
the flow of gas into the purge volume. For the system in which helium 
repressurization gas is used for the MLI on both the LH^ and LO^ tank, the 
control system and storage bottle shown in Figure 6-56 are common to both 
the LH^ and LO^ tank systems. Valve Number 7 is used to fill the helium 
storage bottle prior to a mission. The valve event sequence is summarized 
in Table 6-7 for the entire mission. 

6. 5. 2 Ground-Hold Purge System 

A satisfactory purge system for any cryogenic propellant tank must accom- 
plish two objectives. First, the condensible gases initially trapped inside 
the purge volume must be removed prior to loading the tank with the cryogen. 
Second, these gases must be prevented from reentering afterward. Once 
the condensible gas in the purge volume has been depleted, a typical vehicle 
will go through a propellant loading phase and possibly two hold periods. As 
a consequence, it is convenient to treat the purging operation as four 
separate phases: 

A. Reduction of condensible gas concentration within the purge volume 
to an acceptable minimum. 

B. Maintaining the low-level concentration prior to loading of the tank 
with the cryogenic propellant. 
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Table 6-7 


VALVE EVENT SEQUENCE - PURGE , EVACUATION, AND 

RE PRESSURIZATION SYSTEM 





Valve 

Numbe r / C ondition 



J Event 

1 

2 

3 

4a, b, c 

5 

6 

7 

8 

Ground-Hold Purge 

(a) Reduction of 

C 

O 

C 

C 

o 

c 

c 

C 

Condensibles 

(b) Hold 

C 

O 

c 

C 


c 

c 

C 

(c) Chilldown 

c 

o 

c 

c 

c* 

c 

c 

c 

Ascent Evacuation 

o 

c 

c. 

o 

c 

o 

c 

c 

Reentry 

c 

c 

o 

c 

c 

c 

c 

Q 

(Repre s surization) 


O = OPEN 
C = CLOSED 


*A valve downstream from No. 5 would be closed for these events and 
thereby prevent flow in the line of valve No. 5. 


C. Makeup of the purge gas collapse during tank loading chilldown, 
preventing back diffusion and cryopumping. 

D. Maintaining the low-level concentration for a chilled, fully loaded 
tank prior to vehicle life off. 

6. 5. 2. 1 Purge System Design Considerations and Equations 
The problem of designing a ground-hold purge system for a cryogenic 
storage tank utilizing M.LI has been previously investigated by MDAC. The 
design equations previously developed (Reference 16) are applicable to the 
secondary propellant tanks being considered in this study and were, there- 
fore, used in the present design. Since purge system design is covered in 
detail in Reference 16, only a review of the various operational phases, 
which must be considered for the design, and the design computational 
techniques are included herein. 
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Reduction of Condensibles 


The first operation, reduction of condensibles, will most likely be initiated 
well in advance of propellant loading. It consists of removing from within 
the purge volume essentially all the air and moisture that might condense as 
the tank is cooled by the cryogen. For liquid oxygen whose saturation 
temperature is above 140° R, nitrogen is suitable as a purge gas. With 
liquid hydrogen, helium must be used for the purge unless an insulative 
substrate is placed beneath the MU to increase its temperature during 
ground hold to above 140° R. In any case, however, the purge-gas 
liquefaction point must be sufficiently low to prevent any chance of it 
condensing. 


The treatment of the purge-gas concentration reduction process must 
consider back diffusion of condensible gases into the purge volume as the 
purging operation proceeds. Back diffusion, both through the purge exit 
tube and purge -bag leakage points, becomes increasingly important as the 
condensible gas concentration within the purge volume decreases. As a 
result of back diffusion, the concentration of condensible gases can never be 
reduced to exactly zero. The higher the purge flow rate through the purged 
volume, the lower the concentration level achievable. Since a low condens- 
ible concentration level is desirable to prevent MLI damage but a low purge 
flow rate is desirable to conserve purge gases, a compromise must be made. 
Consequently, it is desirable to know the maximum amount of residual 
concentration that must not be exceeded if damage is to be prevented. 


Unfortunately, the degree to which the condensible gases must be removed 
to prevent MLI damage is not firmly fixed. Some investigations have 
suggested that a volume is sufficiently purged when the concentration of 
residuals is 5 percent of its initial concentration. Others have suggested 
that a 1-percent value is required. At present there does not appear to be 
any definitive set of data to uphold or reject either claim. Consequently, 
it is felt that the lowest concentration suggested, 1 percent, is better for 
conservative design purposes. Should studies later prove that 5 percent 
(or some other value) is indeed sufficient, relaxation of design constraints 
will be a simple matter. 
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Prefill Hold 


Once the condensible concentration has been reduced to an acceptable level 
in the desired time period, it may be necessary to hold this concentration 
level while other vehicle prelaunch operations are being completed before 
loading the propellant. Should this hold period be required, the purge 
flow rate should be reduced to a value just great enough to maintain the 
condensable concentration level. This would most likely consist of 
closing all purge-bag exit-line valves and providing purge gas inlet flow 
just sufficient to restrict back diffusion through leaks around penetrations, 
pinholes, and zippered seams in the purge bag. 

Chilldown and Fill 

As the tank is being prepared to load the cryogenic propellant, a chilldown 
of the components is necessary. During the chilldown period, the gas 
within the purge volume is cooled and thereby contracts. As a result, the 
purge-gas flow rate must be increased to make up for the gas collapse. 

If the purge rate is not sufficient, the pressure inside the purge volume 
will decrease, allowing condensibles to reenter the volume, and/or will 
cause the purge bag to bear on the MLI. The rate at which the purge gas 
must be supplied depends on the chill rate of the tank as well as the chill 
rate of the purge gas and insulation. 

Post-Fill Hold 

Once the MLI has been purged and the tank filled with cryogen, another 
hold period may be necessary while other systems are being checked out. 
This additional hold period can be treated in the same fashion as the hold 
period prior to tank chilldown. 

Purge System Design Equations 

The equations that are used to calculate the purge -gas flow rates and 
thereby size many of the plumbing components are summarized in Table 6-8. 

6. 5. 2. 2 LH 2 and LO 2 Purge System Design 

For the detailed computation of ground-hold purge -gas requirements, a 
number of baseline purge parameters must be defined. The parameters 
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Table 6-8 

SUMMARY OF PURGE SYSTEM DESIGN 
EQUATIONS (REFERENCE 16) 

Purge 

Phase Design Equation Remarks 




chosen for this study are summarized in Table 6-9. It is acknowledged that 
some of these parameters may vary from launch to launch, namely the 
hold periods, causing modifications in the total helium usage. However, 
the hardware has been designed to allow for increased flow conditions and 
can therefore meet reasonable excursions from the design conditions. 

The ground-hold purge system chosen for both the LO 2 and LH^ tanks does 
not utilize ducting beneath the MLI to flush the condensible gases from the 
insulation. At the present time, purging of perforated MLI is thought to 
be dominated by gaseous diffusion. Testing planned on the 105-in. tank 
on NAS 8-21400 will provide data to verify this design assumption. Should 
testing show that flow channels under the MLI are necessary, these could 
be included without changing the inlet or outlet flow locations. Techniques 
for providing flow channels are available and can be included in the purge 
system design if required. 


Table 6-9 

GROUND -HOLD PURGE DESIGN PARAMETERS 



LH 2 Tank 

LO 2 Tank 

Concentration Reduction 

1 . 0 

1 . 0 

Time Period (hr) 

Chilldown Time Period (hr) 

0. 33 

0. 33 

Hold -Time Period (hr) 

1 . 0 

1 . 0 

Purge Volume (ft^)* 

123 

59 

Chilldown Effective 

108 

44 

Volume (ft 3)* 

Residual Condensible 
Concentration after 

1% 

1% 

Purge Period 


*The purge volume includes the volume within the tank support struts 
as they must be purged. The chilldown volume includes only the bag 
volume surrounding the insulations. 


Helium purge gas was selected for both the LH 2 and LO 2 propellant tanks. 
The results of the thermal analysis (Subsection 6. 1) show that helium is 
clearly the optimum purge gas for the LH 2 tank. For the LO 2 tank, a nitro- 
gen purge is optimum thermally. However, it is felt that a helium ground- 
hold purge may result in a lower overall cost since the same ground support 
components can be used for both the LO 2 and LH 2 tanks. 

Reduction of Condensibles 

As noted in Table 6-9, a 1-hour time interval was selected for the Concen- 
tration reduction period for both tanks. The helium mass flow rate is 
plotted parametrically in Figure 6-57, as a function of the purge volume and 
the condensible concentration after a period of 1 hour. Although a 1-percent 
residual was taken as the design point, several other curves are presented 
for comparison. To achieve a 1-percent residual in the LH 2 tank in 1-hour, 
a constant helium flow rate of 1. 7 x 10“^ lbm/sec is required. For the 
same conditions, the LO 2 tank purge -gas flow rate is 8. 4 x 10“4 lbm/sec. 
These flow rates are used to size the purge exit lines (the inlet lines are 
sized by either the chilldown or the repressurization requirements) and the 
spacing between the MLI and the purge bag. 

The principal requirement in sizing the purge exit tubes and the MLI purge - 
bag separation is to maintain a moderately low pressure in the purge bag 
so that it will not burst. A maximum pressure differential of 0. 5 psi was 
considered reasonable. The minimum practical MLI/purge-bag separation 
that was considered reasonable from an assembly standpoint was 0. 5 in. 

As a consequence, calculations showed that the major pressure drop would 
occur in the exit tube. The pressure drop along the annulus between the 
MLI and purge bag was several orders of magnitude lower than that in the 
tubing and was therefore neglected. 

In order to size the purge lines, the pressure drop (per foot of tube) as a 
function of the helium mass flow rate is required. Figure 6-58 shows these 
friction losses for laminar and turbulent flow in smooth pipes. For both 
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the LH 2 and LO 2 tanks, it was assumed that the purge -gas exit flow path 
would be approximately equivalent to 13 ft of straight tubing. A 1/2-in. 
line was selected for both tanks. For the LH 2 tank, the pressure drop in 
the exit line will be approximately 1. 4 x 10”2 p S i p er foot of line or 0. 18 psi. 

For the LO 2 tank, the pressure drop will be 4 x 10 p S i per foot of line or 
0. 05 psi for a 13-ft line. Although both pressure drops will be considerably 
below the 0. 5 -psi design drop, the larger lines will allow much more 
flexibility on line routing (as the flow resistance is a function of bends) and 
will allow more rapid purging if necessary. 

Chilldown 

The chilldown time period for both the LH^ and LO^ tanks was assumed to be 
20 minutes. This time period is consistent with the chilldown time periods 
for current cryogenic stages. The computed helium flow rates required to 
prevent purge pressure collapse during chilldown are presented in Fig- 
ures 6-59 and 6-60 for the and LO 2 tanks, respectively. For the LH 2 
purge volume, the maximum helium flow rate required is 5. 5 x 10 ^ lbm/sec 

(2. 1 lb of helium is needed to prevent collapse). For the LO > purge volume, 

-4 4 

a maximum helium flow rate of 9. 4 x 10 lbm/sec (0. 32 lb of helium is 
required to prevent collapse) is required. These flow rates are used to size 
the inlet purge lines (if consistent with reentry repressurization 
requirements). 

The pressure drop for the inlet purge lines is not as significant as that for 
the exit lines. The high pressure at the upstream location bears only on the 
purge inlet line and not the purge bag. A 1/2-in. line was selected as the 
purge inlet: lines for both the LH 2 and LO 2 tanks. Assuming that an equiv- 
alent 13-ft of straight 1/2-in. tubing is typical, the maximum pressure 
drop for the LH 2 inlet line will be 1. 5 psi, and for the LO 2 inlet line it will 
be 0. 07 psi. Both these pressure drops are very acceptable considering 
the line pressure and the maximum strength of thin^walled aluminum tubing. 
The pressure drop within the tubular tank supports is negligible, as they are 
nearly 6-in. in diameter. The pressure drop across the orifice outlets is 
also negligible compared to the line losses. The purge system inlet lines for 
both the LH 2 and LO 2 allow for significantly increased flow rates if 
required and therefore maintain the conservative nature of the design. 














Purge Gas Requirements 

The helium used for the ground-hold purge operational phase is summarized 
in Table 6-10. The total amount of helium required for the ground-hold 
phases for both the LH2 and LO2 tanks is 11. 57 lb. The helium used during 
the reduction -of- condensables and chilldown phases were obtained by using 
the mass flow rates previously discussed. 

The amount of helium used during the hold periods is primarily a function 
of the amount of leakage in the bag. Since the flexible purge -bag material 
is relatively free of pinholes, the principal leak path will be through the 
zippers in the bag. To estimate the leakage through the zippers, water 
leakage data from B. F. Goodrich (Reference 17) was converted to helium 
leakage by ratioing, using their dynamic viscosities. For a pressure 
differential of 0. 5 psig, the helium leakage was calculated to be 
1. 7 sr 10~8 lbm/sec per foot of zipper. For the LH2 tank the total zipper 
length is 110 ft and the leakage flow is 1. 87 x 10“^ lbm/sec. The LO2 
tank has 81 ft of zipper, giving a flow rate of 1. 38 x 10"6 lbm/sec. These 
leakage rates are applied to the tanks during the hold periods. However, 
as may be noted, they were insignificant. 


Table 6-10 

GROUND -HOLD PURGE HELIUM USAGE 


Helium Usage Period 

LH? Tank 
(lb) 

LO2 Tank 
(lb) 

Concentration Reduction 
Period 

6. 12 

3. 03 

Chilldown Period ' 

2. 10 

0. 32 

Hold Period 

5. 15 x 10- 3 

3, 82 x 10- 3 

Totals 

8.22 

3. 35 
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6.5.3 MLI Evacuation 

From the time the vehicle lifts off until reentry is initiated, the region 
surrounding the MLI should be as open to space as is reasonably possible. 

The system design must allow the pressure to drop rapidly within the purge 
bag for the system to achieve high thermal performance. Purge gases, 
gases adsorbed on the surfaces of the MLI, and gases leaked from the tank- 
age must pass through the insulation, flow along the annulus between the 
MLI and the purge bag, and then flow out an exit port in the purge bag. If 
this path is too tortuous, the gases will not evacuate rapidly, resulting in an 
increase in the total heat transfer to the propellant. If the path is too open, 
as with highly perforated MLI, the evacuated thermal performance will be 
degraded. If the path is too open, as with a wide spacing between the purge 
bag and MLI, the purging and repressurization operations will be more 
costly because of the larger purge volume. As a consequence, analyses 
were conducted to provide guidance to the compromises that must be made 
to establish a workable solution. At best, because of the severe unknown 
nature of portions of the problem, the solution must be considered prelim- 
inary. Many answers were analytically computed from mathematical models 
that have not been experimentally verified. 

A key assumption made with regard to the launch period is that the purge bag 
remains at least 1/2 in. from the MLI at all times. As a consequence, it is 
assumed that the gas exit paths during evacuation will not be blocked due to 
purge-bag sagging. Computations indicate that the pressure differential 
during the continuum regime of evacuation will guarantee adequate flow paths. 
In the free molecular flow regime, however, the pressure differentials may 
not be adequate to "balloon" out the bag and, therefore, form an evacuation 
gas flow channel. It is apparent that in some locations on the upper tank 
hemisphere, the purge bag will be forced down onto the MLI surface by the 
boost acceleration loading. However, it is felt that the excess bag material 
(the purge-bag surface area is larger than that of the MLI), the stiffness of 
the bag material, the fixed positioning of the bag at all tank support and 
plumbing locations, and the inertia forces at engine cutoff will prevent a 
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complete blockage of the annulus between the MLI and the purge bag. if 
future analyses and testing show that steps must be taken to provide flow 
channels between the MLI and the purge bag, several techniques are possible. 
These include the following: 

A. A purge-bag sxipport frame 

B. Localized supports between the purge bag and the vehicle structure 

C. Pressurized ribs in the purge bag 

D. Standoffs attached either to the MLI face sheet or the purge bag 
6. 5. 3. 1 MLI Perforations 

Uncertainties at the present time concerning: outgassing of adsorbed gases 
on the MLI, leakage rates of relatively large cryogenic tankage, and evacua- 
tion computational methods make it prudent to select an MLI system for the 
secondary propellant tanks that has perforated reflectors. Perforations 
allow relatively easy broadside evacuation and outgassing to take place and 
thereby significantly reduce (or essentially eliminate) pressure buildup 
behind the MLI blankets. Consequently, a perforated MLI system was 
selected for both the LH^ and LC^ tanks. 

The most efficient perforation pattern is one with the smallest perforation 
spacing, as this minimizes the resistance to gas outflow and results in the 
minimum evacuation period. By using a shorter perforation spacing, it is 
possible to reduce the percentage of open area required and thereby increase 
the system thermal performance while in space. The choice of a perforation 
configuration represents a compromise between manufacturing limitations 
and the desire for minimum perforation spacing and minimum perforation 
area fraction. At the present time, the smallest perforation which can be 
cut into the reflector material by the vendor is 0. 046 in. in diameter. Given 
a fixed perforation spacing, the smaller the perforation holes, the smaller 
the perforation area fraction will be. Conversely, with a fixed area fraction, 
the smaller the hole is, the closer the spacing will be. Therefore, it follows 
that the smallest perforation size should be chosen. 
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The configuration chosen has 0.85-percent open area, five holes per square 
inch, and 0. 046 -in. hole diameter. The perforations are placed in a tri- 
angular pattern, as illustrated in Figure 10-5. This configuration has the 
highest perforation density (closest perforation spacing) of the patterns 
currently available from the vendor which have less than 1 -percent perfor- 
ation area fraction. 


6. 5. 3. 2 MLI Pressure History 

Two computational models were used in predicting the MLI pressure history. 
First, outgassing was neglected and the pressure history during the initial 
phase of evacuation was studied. Then the long-term effects of outgassing 
on the pressure and heat -transfer history were studied. 


MLI Pressure History with Negligible Outgassing 

In order to predict the performance of the evacuation system without out- 
gassing, the MDAC Perforated HPI Evacuation/Pressurization (PHEP) 
computer code was used to calculate the pressure history within the MLI. 

For this computation, the only path available to the trapped gases was 
through the perforations. Flow along the insulation and out the blanket 
seams was neglected, thus giving conservative results. The input conditions 
for calculating the pressure history for the LH£ tank were: 


Perforation Size 
Perforation Pattern 
Perforation Area Fraction 
Layer Density 
Total Layers 
Interstitial Gas 
Temperature Profile 


0. 046-in. diameter 

Triangular 

0. 85 percent 

90 Layer-pairs /inch 

70 

Helium 

Linear from 60° R to 460 °R 


The predicted maximum pressure history in the MLI panel for the LH^ tank 
is shown in Figure 6-61. The anticipated ambient pressure history is also 
shown. The maximum pressure is seen to reach 10-4 psf only about 5 sec 
after the ambient pressure had reached this value. 
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Figure 6-62 shows the predicted history of the pressure drop across the MLI 
blanket where the pressure drop is defined as the difference between the 
maximum pressure in the blanket and the ambient pressure. The maximum 
pressure drop of about 1 psf is insufficient to cause an appreciable change 
in the layer density during evacuation, see Figure 3-52. 

Figure 6-63 shows pressure profiles through the blanket at 120 sec (the 
time of the maximum pressure drop) and at 200 sec (the time at which the 
ratio of pressure drop to ambient pressure is a maximum). The 120-sec 
profile is still in the parabolic shape typical of continuum flow, while effects 
of temperature distribution are apparent in the free molecular flow domin- 
ated profile at 200 sec. Clearly, if the outgassing is neglected, the pressure 
history within the MLI is essentially that of the ambient pressure. 

MLI Pressure History with Outgassing 

When outgassing is considered, a different picture is presented. The gases 
that evolve from the surfaces of the MLI alter the pressure history signifi- 
cantly in the free molecular flow regime. Analyses were conducted to eval- 
uate the effects of outgassing and the resulting tradeoffs in the purge bag 
vent system design. 

During this contract, samples of MLI materials were weighed continuously 
during purging and evacuation, see Subsection 3.6. These data indicated 
two important features of outgassing for these particular samples. First, 
there was an unexpectedly large mass loss from the reflector specimen. 

The sample of double goldized Kapton, a material combination whose per- 
formance is not substantially degraded by exposure to moisture, lost 
2.3 x 10-7 slugs/ft^ of surface area. If this weight were surface adsorbed 
water vapor, it would correspond to a layer of water with an average thick- 
ness of about 700 Angstroms, or about 830 molecular layers thick. Second, 
the weight loss rate was nearly constant in time during evacuation until 
virtually all the gas had evolved. These results suggest that the customary 
assumption of an Arrhenius relationship to govern outgassing may not be 
appropriate for MLI. Consequently, the outgassing rate for each layer was 
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Figure 6-63. Pressure Profiles in MLI During Evacuation-No Outgassing 


assumed to be constant until all the condensible gases had been volatilized. 
The total weight loss for each layer pair, including the measured weight loss 
of a Dacron B4A net spacer, was assumed to be 5. 1 x 10"? slugs /ft^ /layer 
pair, counting both sides of the radiation shield. Since the vapor pressure is 
directly related to the rate of escape of molecules from a free surface, it 
was assumed that the outgassing rate is proportional to the vapor pressure 
of water. It is conceded that the physics of outgassing may not be correctly 
represented by this assumption. However, if there is indeed a relatively 
thick film (compared to the thickness of a molecular layer) the evaporation 
rate, in the absence of appreciable back pressure, should be approximately 
the outgassing rate. 



Two further assumptions were made. First, MLI layers whose temperature 
is less than 336°R were assumed not to outgas. This temperature corres- 
ponds to a vapor pressure of 10"^ psf. Pressures this low will not affect 
the MLI heat transfer significantly. Second, it was assumed that the colder 
MLI layers do not remove gas evolved from the warmer layers by 
cryopumping. 


With the above assumptions, the distribution of outgassing rate through the 
MLI may be calculated. This predicted rate is shown in Figure 6-64. Note, 
of course, that the outgassing rate for any layer drops to zero as soon as 
the originally present gas has volatized. In actual practice the outgassing 
rate will not drop suddenly to zero, because there will always be a regime 
dominated by surface adsorption thermodynamics. However, this tail-off is 
a trivial part of the total outgassing. according to the test results. 


Summing the outgassing rates of Figure 6-64 gives the total assumed MLI 

outgassing rate history shown in Figure 6-65. The curve has been smoothed, 

# 

rather than leaving it as the sequence of step functions used to calculate the 
curve. 

As previously shown in Figure 6-61, the transient evacuation of the purge 
bag proceeds very rapidly in the absence of outga'ssing. Outgassing, as 
shown in Figure 6-65, takes place over a much longer period of time than 
does evacuation of the original purge gas. 
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Some typical pressure histories obtained with the assumed outgassing are 
shown in Figure 6-66. The solid lines refer to pressure histories utilizing 
tank support struts for venting as well as other vents. For the broken lines, 
the struts are not used to help vent the purge bag. The two curves (with 
and without strut venting) are indistinguishable when there are two 12 -in. 
vents in the purge bag. Note that two 3 -in. vents are more effective in 
venting the purge bag than the six struts. Since the six 6-in. valves assumed 
for the six struts would surely be much heavier than the two 3 -in. vents, it 
is rather clear from Figure 6-66 that venting through the struts is 
undesirable. 

6. 5. 3. 3 Selection of Evacuation Valves 

Decisions which must be made to define an efficient evacuation system 
obviously include the number and size of the valves. Boiloff weight penalties 
associated with different vent sizes and number of vents is shown in Fig- 
ure 6-67. Evacuation through the struts was not included in the values in 
Figure 6-67. However, the effect of strut venting would be negligible in the 
lower weight penalty portion of the curve. The boiloff weight penalty pre- 
sented in Figure 6-67 is the total boiloff less the boiloff which would have 
occurred had the purge bag always been at ambient pressure. 

Note that the boiloff weight penalty for two 12 -in. valves is about 7 lb 
(Figure 6-67). Thus, the maximum weight savings possible for vent systems 
achieving 10“^ torr in 1 hour (Figure 6-66) is 7 lb. The valves required to 
achieve this goal would be expected to be much heavier than the potential 
savings. Thus, it is clear that if outgassing is present, the criteria for 
purge-bag venting design must be based on minimum weight rather than on 
some arbitrary time to reach optimum MLI performance by reducing 
pressure. 

The primary weight of the vent System Will be in the valves and actuators. 

The valves will never be required to work under large differential pressure 
loads because the maximum pres sure load is estimated to be about 0. 5 psi. Under 
this load, the valves can be made of very light-weight construction, and the 
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Figure 6-67. Effect of Evacuation Valves on Boiloff Weight Penalty 
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actuators can also be quite light. Figure 6-68 shows valve weights for two 
types of valves. The upper curve is the basic design curve for pneumatically 
actuated, thxn-flange butterfly, cryogen valves for the Space Shuttle 
(Reference 18). These valves are designed for a 200-psi operating pressure 
in a liquid hydrogen environment. Redesigning the valves to the less severe 
environment and pressures of the purge -bag vent will achieve a substantial 
weight reduction. This weight reduction was estimated by allowing 20 per- 
cent of the valve weight for the actuator, dividing the remainder by two, and 
adding back the actuator weight. The net effect is a 40-percent reduction in 
valve weight. There is substantial justification for a weight reduction of 
40 percent in that some valve designs are in this weight range, i. e. , 40 per- 
cent less than a least squares fit of valve weights. 

A still lighter valve design can be made using an electrical torque motor 
actuator. The J. C. Carter Company quotes the two points indicated in 
Figure 6-68. Using these points, a line parallel to the previous valve weight 
line was drawn to represent the torque motor actuated valve design. 

Both the light-weight pneumatic valve and the torque motor design were used 
to perform an optimization analyses to select the size and number of valves. 
Figure 6-69 shows the optimization curves for the pneumatic valves. The 
minimum weight penalty would be one 8-in. valve, at a total weight penalty 
of 51 lb. This weight results from 23 lb of boiloff and 28 lb estimated for 
the valve. However, the minimum weight is seen to be rather insensitive to 
the number of valves. It is important to note that a rather severe outgassing 
environment has been assumed, resulting in larger boiloff weights than will 
probably be encountered. If four 3 -in. valves were used, the valve weight 
would be 26 lb and the total weight penalty for the venting system, with a 
lower boiloff, could easily be less than it was for a single 8-in. valve. 

The total weight penalties for electrical torque -motor -actuated valves are 
shown in Figure 6-70. Here, the weight difference among the minimum of 
the one-, two-, and four-valve curves is less than the probable accuracy of 
the calculations. The argument regarding outgassing will again bias the 
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Figure 6-68. Valve Weights 
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Figure 6-69. Total Weight Penalty with Pneumatically Actuated Evacuation Valves 
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selection of the vent system toward choosing four 4-in. valves. There is a 
more important argument also favoring the 4-in. valves. Valves of this type 
and size are presently used in aircraft. Hence, the development cost would 
be minimized. 

As previously discussed, all the optimum valving schemes, as defined by 
Figures 6-69 and 6-70, maintain a pressure greater than 10“^ torr for times 
ranging from 3 to 6 days. While these long time periods at greater than 
10~4 torr may cause some trepidation, the potential weight savings show 
clearly that, if outgassing is present, a boiloff weight in excess of the mini- 
mum should be accepted in order to minimize the total weight of the system. 

The above evacuation and outgassing calculations were made only for the 
LH 2 tank. If four 4-in. valves are also used for the LC >2 tank evacuation 
system, it can be expected that the pressure will drop more rapidly than for 
the LH 2 tank. As a result, the LH 2 tank evacuation valve design, as applied 
to the LO 2 tank, provides a conservative system design. 

6. 5. 4 Reentry Repressurization 

During reentry, it is necessary to prevent atmospheric gases from entering 
the MLI and subsequently condensing. For a purge-bag system, this is 
accomplished by repressurizing the volume within the purge bag with dry 
helium or nitrogen gas. Helium was selected as the repressurization gas 
for the MLI systems on both the LH 2 and LO 2 tanks. For the LH 2 tank 
MLI system, helium is the only suitable gas for repressurization. However, 
nitrogen, as well as helium, could be used for the LO 2 tank MLI system and 
was shown to be thermally better than helium in the thermal analyses, Sub- 
section 6. 2. Helium was selected for the LO 2 MLI system because it was 
anticipated that the overall system could be better with a single repressuri- 
zation system. With a single repressurization gas, only one supply bottle 
and one control system need be carried on board the vehicle. This results 
in a reduction in repressurization system complexity and weight. 
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The final decision as to the optimal choice between using nitrogen or helium 
to repressurize the LO 2 tank MLI will depend on numerous factors beyond 
the scope of this study. For example, the vehicle design may utilize nitro- 
gen to repressurize the storage bay. If this system could also be used to 
repressurize the purge bag on the LC >2 tank, nitrogen would probably be the 
more desirable repressurization gas. It should be noted that the selection 
of nitrogen in future studies would not significantly alter the study results 
reported herein. Only the repressurization system hardware design for the 
LO 2 tank would be changed, since the thermal analyses were conducted for 
both gases (Subsection 6.2), and the MLI materials and configuration are not 
affected by the purge and repressurization gas selected. 

6. 5. 4. 1 Repressurization Pressure History 

Two repressurization schemes were considered for the LH 2 and LO 2 tanks. 
The first assumed that the pressure in the purge bag was maintained at 
0. 5 psi above ambient for the entire reentry period (see Figure 6-21). This 
pressure history had the advantage of providing choked flow at the bag leak- 
age points during the free molecular flow and transition regimes. This would 
help prevent entry of condensibles into the MLI. However, the amount of 
heat transferred into the LH 2 and LO 2 tanks during reentry would be signifi- 
cantly increased by the high purge-bag pressure. The second repressuriza- 
tion scheme (see Figure 6-21) assumed that the purge-bag pressure was 
approximately twice the ambient pressure up to an ambient pressure of 
0. 5 psi. After this point, the purge-bag pressure was maintained at 0. 5 psi 
above ambient. This scheme had the advantages of a reduced total heat 
transfer during reentry because of the lower overall purge-bag pressure. A 
repressurant gas outflow would occur at all leakage points and would inhibit 
condensable entry into the purge bag. This scheme has the disadvantage of 
requiring a more complex flow control system to provide the proper purge- 
bag pressure history. 

i 

The integrated heat transfer to the LH 2 tank is shown for the two pressure- 
history schemes in Figure 6-71. The difference in the heat transfer between 
the two pressure schemes represents 113 lb of hydrogen boil off. Since this is 
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Figure 6-71. Effect of Purge Bag Pressure History on Reentry Heat Transfer 

a very significant increase, the scheme with the lower overall pressure was 
selected for reentry repressurization. This pressure history choice would, 
however, require the design of a sensitive control system that will operate 
over a pressure range of several orders of magnitude. Although the design 
of such a device was out of the scope of this contract, the results of a cur- 
sory study of its feasibility seemed promising enough to warrant assuming 
this lower reentry pressure history for the thermal analyses reported in 
Subsection 6.2. 

6. 5. 4. 2 MLI Compression Due to Repressurization 

To establish whether or not the repressurization gas would compress the 
MLI during reentry, computations were made using the PHEP computer code. 
Figure 6-72 shows the minimum predicted pressure in the MLI on the LH 2 
tank during reentry. The external pressure shown is the pressure in the 
area between the MLI and purge bag. The pressure differential across the 
MLI Panel as a function of the reentry time is shown in Figure 6-73. Note 














that a maximum pressure differential of 0. 55 psf (3. 82 x 10"3 psi) occurs at 
approximately 940 sec in the continuum flow regime. In the free molecular 
flow regime, the maximum pressure differential is 1. 1 x 10"2 psf 

r ** 

(7. 6 x 10"- 5 psi) at 240 sec. The pressure profiles for these two time points 
are shown in Figure 6-74. 

Because of the very low computed pressure drops across the insulation 
coupled with the MU compression test results (Section 3), the compressive 
effects of the repressurization gas are considered negligible for the LH 2 
tank. Similarly, it can be shown that repressurization gas compression 
effects on the LO 2 tank MU will be negligible. 

6. 5. 4. 3 Repressurization Gas Usage 

The repressurization gas used will consist of the gas required to increase 
the pressure within the purge bag and the gas leakage through the zippers 
and any small holes in the purge bag. It is anticipated that the zipper and 
pinhole leakage rates will be negligible (see Subsection 6. 5.2.2) and can be 
omitted. The pressurization gas flow rates required to increase the bag 
pressure for the two tanks are plotted in Figure 6-75. The total helium 
mass used during the reentry repressurization is 2. 3 lb (assuming an average 
gas temperature of 300°R) for the LH 2 tank and 0. 9 lb (assuming an average 
temperature of 350°R) for the LO 2 tank. 

6. 5.4.4 Line Sizes Required for Repressurization 

The repressurization gases must flow from the helium storage bottle to the 
supports, through the supports, and out the orifices at the junction of the 
tank and the supports. Of interest is the pressure drop from the control 
system to the volume within the purge bag. Unless the pressure in the line 
and supports in nearly equal to the purge-bag pressure, the volume within 
the tank supports and line (approximately 15 ft^) will act as an accumulator 
and will continue to supply repressurization gas to the purge bag for some 
time after the control valve is closed. This condition, if allowed to exist, 
might cause the purge bag to rupture due to overpressure. Consequently, it 
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is necessary to ensure that the total pressure drop down the supports and 
across the outlet orifices is small. Because of the large diameter of the 
supports, the principal pressure drop occurs at the orifice. This drop was 
calculated to be approximately 0. 7 psi for the LH 2 tank and 0. 7 x 10“^ psi 
for the LC >2 tank at the maximum flow rates. These pressure drops will not 
allow the struts to function as accumulators. 

The maximum pressure drop from the distribution manifold to the struts for 
each of the 13-ft-l.ong, 1-in. lines will be 0. 6 psi for the LH 2 tank MLI 
system. A 3-ft-long, 2-ih. line from the control system to the distribution 
manifold will add an estimated 0. 1 psi, giving a total of 0. 7-psi maximum 
pressure drop from the control system to the struts on the LH 2 tank. The 
maximum pressure drop from the LC >2 tank MLI system distribution manifold 
to the struts for each of the assumed 20-ft-long, 1/4-in. lines will be 0, 2 psi. 
An assumed 60-ft-long, 1/2 -in. line from the control system to the L O 2 tank 
distribution manifold will add an additional 0. 4 psi, giving a total of 0. 6-psi 
pressure drop from the control system to the struts on the LO 2 tank. Since 
the volume of gas within the tubing is small compared to the strut and purge 
bag volume, all these pressure drops are acceptable and will not cause the 
tubing to act as an accumulator. 

6. 6 CONCLUSIONS AND RECOMMENDATIONS 

As a result of the thermal analyses, it was concluded that, of the system 
configurations considered, a tank-mounted MLI composite which did not 
include foam on the inner wall of the tank was the best. It should be noted, 
however, that a reentry trajectory with a longer reentry period could result 
in the need for including foam. This will be particularly true if a cruise 
period at low altitude is added to the reentry trajectory. All of this assumes, 
of course, that the storage of the cryogens is required during the reentry 
and cruise periods. It is recommended that future studies for longer reentry 
periods also include a consideration of foam mounted on the exterior surface 
of the tank. This configuration could prove to be competitive to the internal 
foam if effective and reliable sealing of the foam can be assured. 


The thermal analyses showed that the Dacron B4A separator material was 
clearly the most desirable of those considered. It was concluded that, for 
the LH^ tank, a total of approximately 68 layer pairs of DGK/Dacron B4A 
would be optimum for a 7-day mission and approximately 94 layer pairs of 
DGK/Dacron B4A would be optimum for a 30-day mission. For the LO 2 
tank, it was concluded that a total of approximately 83 layer pairs would be 
optimum for a 7-day mission and approximately 92 layer pairs would be 
optimum for a 30-day mission. 

Helium was selected as the purge and repressurization gas for both the L.H 2 
and the L ,€>2 tank. The analyses showed clearly that helium with no foam 
was the optimum system for the LH 2 tank. However, the optimum purge and 
repressurization gases for the^ L0 2 tank are not as clear. The final selection 
of these gases for the LC >2 tank will involve additional tradeoff studies. It is 
recommended that these additional studies be accomplished but that they 
await a better definition of other vehicle parameters. 


- 3 -4 

Helium flow rates of 1. 7 x 10 lbm/sec and 8. 4 x 10 Ibm/sec were 

selected for the LH 2 and LC^ tank purge volumes, respectively, to reduce 

the condensibles to 1 percent or less within 1 hour. The maximum helium 

_ 3 

flow rates required during the chilldown period are 5. 5 x 10 lbm/sec for 

_4 

the LH^ tank purge volume and 9. 4 x 10 lbm/sec for the LC^ tank purge 
volume. The total helium usage predicted for the ground-hold period was 
8. 22 lb for the LH 2 tank and 3. 35 lb for the LC^ tank. The total helium 
usage for repressurization was predicted to be 2. 3 lb for the LH 2 tank and 
0. 9 lb for the LC >2 tank. Additional conclusions reached as a result of the 
purge, evacuation, and repressurization analyses included the selection of 
four 4-inch butterfly valves for evacuation of the purge volume and the line 
sizes required for the system. 


The purge, evacuation, and repressurization analyses must be considered 
somewhat preliminary because of the mathematical model and gas property 
assumptions which were required. Experimental evaluation of these models 
and properties is recommended. This includes testing designed to determine 
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such things as diffusion coefficients as a function of temperature and 
pressure, environmental effects on outgassing, outgassing rates of the 
component materials in the MLI system, and evaluation of mathematical 
models. Future testing should also include the evaluation of a full-scale 
purge, evacuation, and repressurization system. 

The thermal analyses showed that the repressurization pressure history can 
have a significant impact on the overall performance of the system. Further 
studies regarding the selection and design of the control system for regu- 
lating the repressurization pressure history are recommended. 



Section 7 

STRUCTURAL ANALYSES- TASK 5 


The objective of Task 5 was to verify, analytically, the capability of the MLI 
system design to withstand the structural loading during a typical ILRV 
Orbiter mission. This included analyses of the tensile and compressive 
loads on an MLI panel, the tensile loads on the purge bag, and the thermal 
contraction compatibility of the system components. 


7. 1 MLI STRENGTH ANALYSES 

The quasi-static loads that affect the MLI panels are produced by the vehicle 
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accelerations during ascent and reentry. These anticipated acceleration 
loading histories are presented in Figures 4-7 and 4-8, Section 4, and the 
most severe loadings are summarized in Table 7-1. As indicated, the maxi- 
mum loading during both Booster and Orbiter burn is 3 g's acting parallel to 
the vehicle axis. During reentry, the components parallel and perpendicular 
to the vehicle axis are 1.32 and 2.3 g's, respectively. Since the lateral 
acceleration (gy) during both ascent and reentry is negligible, it was not 
considered. 


The MLI design consists of gore-shaped panels which are held together with 
lacing thread and Velcro in a butt joint configuration. Two layers of MLI 
panels are used to obtain the desired MLI thickness. Each panel consists of 
the reflectors and separators sandwiched between face sheets on the outer 
surfaces of the panel. The panel is held together with fasteners. The face 
sheets consist of a fabric with resin-impregnated areas (straps) fabricated 
onto the fabric. These 1 -inch-wide straps provide bearing areas for the 
fasteners as well as providing load-carrying capability for the panel. The 
resin-impregnated areas are continuous on the inner face sheet of both the 
inner and outer panel because these face sheets are the primary load- 
carrying members of the MLI system. Due to the location of the tank-support 
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Table 7-1 

MAXIMUM VEHICLE G LOADS 



g y 

g z 

Time 

Ascent 




Booster burn 3 

~0 

~0 

140 < t < 200 sec 

Orbiterhurn 3 

~0 

~ 0 

390 < t < 420 sec 

Reentry -1.32 

~0 

2,3 

t = 700 sec 1 ' 


'Time from 400, 000 ft 



attachment points in the vehicle, the LO^ tank axis is normal to the axis of 
the vehicle while the LH£ tank axis is parallel to the vehicle axis. The tank 
axis is that axis perpendicular to the plane of the interior equatorial rein- 
forcing ring. The resin impregnated straps on the inner face sheets are 
oriented in both the tank -axis and perpendicular -to -the -tank -axis directions 
forming a "waffle" pattern on the face sheet. 


Resin impregnated tabs are also located on the ends of the inner face sheet of 
each gore panel. These tabs are fastened to an MLI support ring, which is 
fastened to the tank, and therefore, carry the load between the support ring 
and the MLI panel. Both the LC >2 and the L^ tanks have these Mil support 




Table 7-2 



LH 2 AND L0 2 TANK 

DIMENSIONS 


LH 2 

L °2 

a 

95 inches 

63. 5 inches 

d 

18 inches 

0 inches 

0 

r o 

11.5 degree s 

1 7. 4 degree s 


MLI SUPPORT RING 



rings to which the gore panels are attached. The L0 2 i s completely 

spherical while the LH 2 tank has spherical end domes with a cylindrical 
center section, see Table 7-2. 

7. 1. 1 Analyses for Loading Parallel to Tank Axis 

Acceleration loads parallel to the tank axis are the significant loads for the 
LH 2 tank during ascent and for the L0 2 tank during reentry. During loading 
parallel to the tank axis, the MLI panels are hanging from the upper support 
ring, are draped over the upper half of the tank, and hang free around the 
lower half of the tank, see Figure 7-1. Because of tank symmetry and since 
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Figure 7-1. Loading Model When Acceleration is Parallel to Tank Axis 
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the face sheet straps carrying these loads follow the contour lines of the gore 
segments, N fi a loads need not be considered for acceleration loading parallel 
to the tank axis. 

The tensile loads in the face sheet straps on the lower tank dome due to a 1-g 
axial loading are given by the equation: 

N = — w a _ ( cos ^ _ cos 

r sm 0 

where: 

N = the tensile load in lb/inch of circumferential distance at the 

0 

location defined by the angle 0. 

0 = the angle measured from the lower part of the tank axis, see 

Figure 7-1. 

0 Q = the angle from the tank axis to the MLI support ring, 
w = the weight density of the MLI panel in lb/inch^ 
a = the tank radius 

The tensile load (Nj) in the face sheet straps at 0 = 90 degrees is: 

N. = w a c o s 0 

1 r o 

For the LH^ tank, the tensile load in the face sheet straps over the cylindri- 
cal section will be: 

N = Nj + w x 

where: 

x = the distance up from the base of the cylindrical section. 

The tensile load at the top of the cylindrical section (N^) will be: 

N '2 - N i + w d 
where: 

d - the length of the cylindrical section 

i 
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The tensile loads in the face sheet straps on the upper tank dome due to a 
1-g axial loading are given by the equation: 


N = 


where: 


w a sin P + ^1,2 

2 . sin^ R cos 6 

cos B + / i , r - , s. v 
^ (sin B cos p + p ) 


Np = 

P = 


the tensile load in lb/inch of circumferential distance at the 
location defined by the angle p. 

the angle measured from a plane through the base of the upper 
dome, see Figure 7-1. 


Friction between the tank and MLI panels was conservatively not considered. 


The maximum load in the face sheet straps will occur at the upper end of the 
gore panels near the upper support ring. The angle p at this point is 90 - 0 
= 78. 5 and 7. 26 degrees for the LH^ and LO^ tanks, respectively (see 

Table 7-2). The values of a and d are also shown in Table 7-2. A conservative 

- 3 

(slightly high) value for the weight density (w) of a panel is 1. 32 x 10 
2 

lb/inch . The circumferential dimension at the end of a gore panel (at 
P = 78. 5 degrees and 72, 6 degrees) is 7. 93 and 11. 93 inches for the LH~, 
and LO-, tanks, respectively. Using these values, the total loads to be sup- 
ported at the upper end of a gore panel in a 1-g field are 13. 3 5 and 7. 45 
pounds for the LH 2 and LO 2 tanks, respectively. There are three face-sheet 
straps to support the load at this point. These straps are 1 inch wide and 
0.012 inch thick. Also, from Table 7-1, the maximum acceleration parallel 
to the tank axis is 3 g's for the LH 2 and 2.3 g's for the LO 2 tank. Therefore, 
the maximum stresses in the face-sheet straps resulting from loading parallel 
to the tank axis are 1,110 and 475 psi for the LH 2 and LO 2 tank MLI systems, 
respectively. These results are included in Table 7-3. 


Table 7-3 


MAXIMUM STRESSES ON MLI 
LOAD- CARRYING COMPONENTS 



Maximum Stress 
( psi) 


Acceleration Loading 
Parallel to 
Tank Axis 

Acceleration Loading 
Perpendicular to 
Tank Axis 

LH^ Tank MLI System 



Face -Sheet Straps 

708 

740 

Velcro 

Ne gligible 

5.9 

Lacing Thread 

Negligible 

<1.2 lb/thread 

LO^ Tank MLI System 



Face-Sheet Straps 

313 

648 

Velcro 

Negligible 

5. 2 

Lacing Thread 

Negligible 

<1 lb/thread 


The tensile strength of the Silicone/Nomex HT-287 face sheet straps was 
determined! in Task 1, Section 3, after the material had been cycled 100 times 
from -320 to 650°F. In the Orbiter application, the temperature of these 
inner face-sheet straps will vary between the cryogenic temperature of the 
tank and ambient temperature. The test results showed strengths of 3, 000 
to 3, 600 psi for the Silicone/Nomex HT-287 material in this temperature 
range, see Table 3-14 of Section 3. Consequently, the face-sheet straps 
have strength margins over 2. 5 times that required. 

The tabs on the end of the gore panels are similar in size and number (3) to 
the face- sheet straps except that the tabs contain three layers of fabric 
instead of the two layers present in the face-sheet straps. Consequently, the 
tabs also have adequate strength. 
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7. 1.2 Analyses for Loading Perpendicular to Tank Axis 

Acceleration loads perpendicular to the tank axis will be applied to the LC^ 
tank MLI system during ascent and to the tank MLI system during 

reentry. These loads are carried within the MLI panel by the integral 
straps on the inner face sheet and between panels by Velcro. Since the face- 
sheet straps oriented perpendicular to the tank axis are parallel to each 
other instead of following the contour lines of a gore segment, a series of 
rings were used as the loading model, see Figure 7-2. The reactions 
between rings were conservatively not considered. The ^ loadings in 

the face sheet straps parallel to the tank axis would be less than those cal- 
culated previously for acceleration loading parallel to the tank axis, so were 
not calculated for accelerations perpendicular to the tank axis. The MLI 

support rings were conservatively considered to have no effect on the N ft 

u, Of 

loads. 

The MLI on one side of the tank hangs away from the tank. The tensile loads 
in the face sheet straps, in a 1-g field, on this side of the tank are given by 
the equation: 

w r 9 
sin 0 


the tensile load in lb/inch width of panel segment at the location 
defined by the angle 9. 
the angle as defined in Figure 7-2. 

the radius of the segment under consideration, see Figure 7-2. 

2 

the weight density of the MLI panel In lb /in. . 

The tensile load (Nj) at 0 = 90 degrees = ^ 77 


N e = 

where 



0 = 
r = 
w = 




Both a tensile and a compressive load are produced on the other side of the 
tank, see Figure 7-2. The tensile loads N a in this part of the MLI, in a 1-g 
field, are given by the equation 

.. . , XT . , w r TT 

Nq, = w r sin a + Nj = w r sin a + — ^ — 

Friction between the tank and MLI panels was conservatively not considered. 

The maximum loading in the face- sheet straps and in the Velcro between gore 

segments will occur in the center of the tank (<b = 90 degrees) and at a = 

90 degrees, see Figure 7-2. A conservative value for the weight density (w) 

- 3 2 

of the panel is 1.32 x 10 lb/in. and the radii at <p = 90 degrees are 95 and 
63. 5 inches for the LH^ and LO^ tanks, respectively. Using these values, 

N loadings for the Lt^ tank of 0. 322 lb/in. and for the LC >2 tank of 
0.216 lb/in. were obtained. The face-sheet straps oriented perpendicular to 
the tank axis are 12 inches apart and the maximum acceleration perpendicular 
to the tank axis is 2.3 g ! s for the tank and 3.0 g's for the tank. 

Consequently, the maximum load in these straps are 8.87 and 7. 77 pounds. 
The straps are 1 inch wide and 0.012 inch thick. Therefore, the maximum 
stress is 740 and 648 psi for the straps on the and LC >2 tanks, respec- 

tively. These results are included in Table 7-3. Based on a minimum 
strength of 3, 000 psi, these straps have strength margins over four times 
that required. 

The Velcro patches which carry the load between the inner face sheets of two 

adjacent panels are spaced 12 inches apart and have a surface area on each 

2 v 
face sheet of 1. 5 in. , see Section 10. Therefore, the maximum load carried 

is the same as that for the straps, 8. 87 and 7. 77 pounds (see above para- 
graph). This results in a lap shear load of 5.9 psi for the 8. 87 pound load. 
The average ultimate lap shear for Velcro, as reported in Reference 6, is 
54 psi. Consequently, the Velcro design should be adequate to carry the 
anticipated loads. 

The maximum load on the lacing yarn would occur if the Velcro were not 
present or properly hooked together. The lacing buttons are 3 inches apart 
and two lacing threads are present to carry the load between each set of 
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lacing buttons. Consequently, the maximum load per thread would be less 
than 1.2 lb for the LH^ tank MLI system and less than 1 lb for the LC^ 
MLI system. The Tefglas, No. 18, lacing thread used has a breaking 
strength of 12 lb. Therefore, the strength of the thread is also very 
adequate. 


7.2 COMPRESSIVE LOAD ON MLI 

The MLI panels will be placed under a compressive load resulting from 
vehicle accelerations. Purge-gas evacuation and repressurization will also 
result in forces normal to the MLI panels but these forces will be less than 
those from vehicle accelerations and will be in the opposite direction since 
the repressurization gas is introduced under the MLI and the principal 
evacuation is through the MLI from the inside to the outside of the panels. 


An indication of the maximum compressive loads (P) anticipated were 
obtained by using the equation: 


2w sin P cos ft 
(sin (3 cos (3 + (3 ) 


sin (3 + cos + d/a 

_2„ , sin^ p cos (3 

COS P + (sin {3 cos p + (3 ) 


where 

2 

w = panel weight density in Ib/in. 

P = the angle measured from a plane through the base of the upper 
dome, see Figure 7-2. 

= the angle from the tank axis to the MLI support ring, 
d = the length of a cylindrical section, 
a = the tank radius. 

The acceleration loading parallel to the LH^ tank axis, the ascent period, and 

a Ideation near the upper support ring (p = 78. 5 degrees) were selected for 

the analyses because these should be the conditions and location for maximum 

compressive loading. Values for a, d, and <f> are shown in Table 7-2. A 

-3 2 ° 

value of 1. 65 x 10 lb/in. was used for w. This includes the weight of the 
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purge bag. The resulting compressive load is 5. 57 x 10 psi in a 1-g field. 

The maximum anticipated compressive load in a 3-g field is, therefore, 

-2 

1. 67 x 10 psi. This is the compressive loading which the outer MLI panel 
will place on the inner MLI panel. This should be conservatively higher than 
actual compressive loads sustained because of conservative assumptions 
made in the value of w and in the analytical model. 

The MLI has demonstrated the capability of withstanding compressive loads 

-2 

nearly an order of magnitude greater than 1. 67 x 10 psi without a signifi- 
cant change in layer density when the load was removed, see subsection 3. 9. 
The capability of the fasteners to withstand this load was demonstrated by a 
test included in Task 6, see Section 8. Consequently, the MLI design appears 
adequate for the maximum anticipated compressive loads. 


7. 3 PURGE-BAG STRENGTH ANALYSES 

The principal loading of the purge-bag material will be due to a pressure 
differential across the bag. The purge and repressurization gas system 
design includes a pressure controller which will control this pressure differ- 
ential to a maximum of 0. 5 psi. A detailed structural analyses of the ability 
of the purge bag to sustain this loading was beyond the scope of this study. 
However, a cursory analyses was accomplished to preliminarily size the 
purge-bag material and to verify the feasibility of the conceptual purge-bag 
design. 


The hoop stress in a sphere is given by the equation: 

P r 
* ~ 2 t 

Using a pressure (P) of 0. 5 psi, bag radii (r) of 97 inches for the LH^ tank 
and 65. 5 inches for the LO^ tank, and bag material thickness of 6 mils and 
5 mils for the LH^ and LO^ tanks respectively, the predicted maximum hoop 
stresses (o') are 4, 040 psi for the LH^ tank purge bag and 3, 280 psi for the 
LC >2 tank purge bag. 


Teflon coated Kapton (polyimide film type F) has been selected as the purge- 
bag material. The materials selected and their properties are summarized 


in Table 7-4. This data was taken from Reference 19. Kapton with Teflon 
coating on both sides was selected for the LO^ tank purge bag to ensure LC >2 
compatibility for both faces of this bag. As shown, the calculated stresses 
are well below the ultimate tensile strengths. This should provide an ade- 
quate design margin for any stress concentration points such as a joint 
between gore segments. It should also be noted that the predicted maximum 
purge-bag temperature is less than 200 °F, see Section 6 . Consequently the 
ultimate tensile strength of the material will be between that shown at 392 and 
77 °F. The yield point data at 3-percent elongation in Table 7-4 indicates 
that the maximum elongation will be less than 3 percent. 

7.4 THERMAL CONTRACTION COMPATIBILITY ANALYSES 
To ensure thermal contraction compatibility between the components within 
the MLI system and between the MLI system and the tank, the following 
conditions must be satisfied. 

A. The load-carrying inner face sheet of each MLI panel must contract 
more during cooling and expand less during heating than do the 
reflector and separator materials in that panel. This ensures that 
the reflectors and separators will never be placed under load. The 
reflector and spacer materials (DGK and Dacron B4A) have been 
previously selected based on their thermal efficiency and their 
ability to withstand an ILRV environment. Consequently, the face- 
sheet systems are the MLI components selected to provide the 
proper thermal contraction and expansion compatibility within the 
M,LI panels. 

B. Contraction (and expansion) of the reflector and separator materials 
should match, reasonably well, that of the face sheets to prevent 
excessive bulging of the separators and reflectors-. 

C. The MLI system must be sized to allow for any relative thermal 
contraction between the MLI components and that of the tank. This 
ensures that the MLI panel dimensions will be adequate at the cryo- 
genic temperature of the tank. 

7. 4. 1 Selection of F ace -Sheet Systems for LH^ Tank MLI ^ 

Since any of the candidate face-sheet systems could be sized to fit the tank 
at the tank operating temperature and pressure, the major criteria for 
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Table 7-4 

PURGE BAG MATERIALS 



LH^ Tank 

LO^ Tank 

Du Pont order code 

600F051 

500F131 

Nominal thickness 

6 mils 

5 mils 

Teflon thickness, face 1 

0 mils 

1 mil 

Kapton thickness 

5 mils 

3 mils 

Teflon thickness, face 2 

1 mil 

1 mil 

Weight 

0. 0476 lb/ft 2 

0. 0435 lb/ft 2 

Ultimate tensile strength 
at 392 °F 

14, 000 psi 

10, 000 psi 

Ultimate tensile strength 
at 77°F 

21, 000 psi 

16, 000 psi 

Yield point, 3 percent 
elongation, at 392 °F 

5, 000 psi 

3, 600 psi 

Yield point, 3 percent 
elongation, at 77 °F 

8, 600 psi 

6, 700 psi 


selection of the face- sheet systems is to ensure the proper relative thermal 
contractions within the MLI composite. The operating temperature band at 
various points within the MLI was predicted in the Task 4 thermal analyses 
(Section 6) and is summarized for the LH^ tank in Table 7-5. Using these 
operating temperature bands and the thermal contraction data shown in 
Figures 3-40 and 3-41, Section 3, it can be seen that only three face-sheet 
systems, Teflon/Nomex HT-287, Viton/Nomex HT-287, and Silicone /Nomex 
HT-287 can be considered for the inner face sheet of the inner MLI panel. Of 
these, the Silicone /Nomex HT-287 has the lightest weight, Table 7-6, and has 
a total thermal contraction closest to that of the DGK and Dacron B4A mate- 
rials. Consequently, the Silicone /Nomex HT-287 system was selected for 
this face sheet. 


Table 7-5 


OPERATING TEMPERATURE BANDS - 

lh 2 TANK mli 


Minimum 

Maximum 


Temperature 

Temperature 

Face-Sheet Location 

< C F) 

( °F) 

Inner Panel 

Inner Face Sheet 

-423 

+70 

Outer Face Sheet 

-200 

+70 

Outer Panel 

Inner Face Sheet 

-200 

+ 70 

Outer Face Sheet 

0 

+90 


Table 7-6 

PHYSICAL PROPERTIES OF FACE-SHEET SYSTEMS 


Composite 

Weight 
(lb /ft 2 ) 

Thickness 

(mils) 

Polyimide/Nomex HT-287 

0. 0316 

11-12 

Silicone /Nomex HT-287 

0. 0489 

12-14 

Polyimide/Beta Glass 81677 

0. 0562 

8-10 

Silicone/Beta Glass 81677 

0. 0660 

9-11 

Teflon /Nomex HT-287 

0.0873 * 

16-18 

Teflon/Betaglass 81677 

0. 0916 

12-13 

Viton/Betaglass 81677 

0. 0966 

8-10 

Viton/Nomex HT-287 

0. 13 10 

15-16 
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Silicone /Nomex HT-287 is also the most suitable system for the outer face 
sheet of the inner MLI panel and the inner face sheet of the outer MLI panel. 
For the operating temperature band of these face sheets (see Table 7-5), the 
same three face-sheet systems can be considered as for the inner face sheet 
of the inner panel. The Silicone /Nomex HT-287 again offers the lowest 
weight and best match of thermal contraction characteristics. 


During reentry, the outer face sheet of the outer MLI panel will reach 90 °F, 
see Table 7-5. Figures 3-40 and 3-41 indicate that only the Poiyimide/ 
Nomex HT-287 system has the proper thermal contraction and expansion 
characteristics relative to that of the DGK for the temperature band of this 
face sheet. The Poiyimide /Beta Glass, Teflon/Beta Glass, Silicone/Beta 
Glass, and Viton/Beta Glass systems all provide acceptable thermal expan- 
sion values at 90 °F but are somewhat questionable at the lower end of the 
temperature band, 0°F. Of these latter systems, the Teflon /Beta. Glass 
system has the best match of contraction and expansion characteristics to 
the DGK and Dacron B4A. The Poiyimide /Nomex HT-287 system was 
chosen because of its better match to the thermal contraction of DGK and 
Dacron B4A at 0°F and because its weight is only approximately 1/3 that of 
the Teflon/Beta Glass system, see Table 7-6. 


7. 4. 2 Selection of Face-Sheet Systems for LO 2 Tank MLI 
The MLI panels for the LO^ tank will be of the same general construction 
and will use the same reflector and spacer materials as used for the LH^ 
tank MLI panels. The major criteria for selection of the face- sheet mate- 
rials is again the proper relative thermal contractions within the MLI 
composite. The anticipated operating temperature bands at the locations of 
the LC >2 tank MLI face sheets are presented in Table 7-7. A comparison of 
these temperature bands, with the thermal contraction and expansion data 
shown in Figures 3-40 and 3-41, shows that the same face- sheet systems 
can be considered for the LO^ tank as were considered for the LH^ tank. Of 
these face-sheet systems, the Silicone /Nomex HT-287 and Poiyimide/ 
Nomex HT-287 systems were again selected for the same reasons as dis- 
cussed previously for the LH 2 tank. A summary of the face-sheet systems 
selected for both the LO^ and LH^ tank is shown in Table 7-8. 
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Table 7-7 

' OPERATING TEMPERATURE BANDS - LO z TANK ML I 


Face-Sheet Location 

Minimum 

Temperature 

<°F) 

Maximum 
Temperature 
( °F) 

Inner Panel 



Inner Face Sheet 

-281 

+ 70 

Outer Face Sheet 

-126 

+ 70 

Outer Panel 



Inner Face Sheet 

-126 

+ 70 . 

Outer Face Sheet 

-4 

+ 176 


Table 7-8 

FACE-SHEET SYSTEMS SELECTED FOR 
lh 2 and lo 2 TANK MLI PANELS 

Inner Face Sheet Outer Face Sheet 

Inner Panel Silicone /Nomex HT-287 Silicone /Nomex HT-287 

Outer Panel Silicone /Nomex HT-287 Polyimide /Nomex HT-287 


7. 4. 3 Required MLI Oversizing Caused by Relative Contraction Between 
Tank and Inner Face Sheet ”” 

To insure that the MLI panel dimensions will be adequate at the cryogenic 

temperature of the tank, an analyses was accomplished to determine the 

required oversizing of the MLI panels. The MLI panels will be mounted 

directly on the exterior surface of the tanks. Consequently, changes in tank 

geometry caused by cooling by the cryogen, tank pressurization, and vehicle 

acceleration during ascent must all be considered in the analyses. If the net 

contraction in tank circumference is greater than the contraction of the MLI 

panel, the panels can be sized to fit the tank snugly at ambient temperature. 


If the net contraction in tank circumference is less than the contraction of 
the MLI panels, the panels must be oversized when assembled at ambient 
temperature. 

The ILRV Orbiter secondary LO 2 and LF^ tank design parameters used in 
the analyses are shown in Table 7-9. 

7. 4. 3. 1 MLI Oversizing for LH^ Tank 

The greater circumference (circumference in plane containing tank axis) of 
the LH^ tank at ambient temperature is: 

"AC = 2ur + 2h = 632.98 inches 


where the values for r and h are shown in Table 7-9. This is also the 
greater circumference dimension for the inner layer of the assembled MLI 
composite. The change in the greater circumference of the LH 2 tank caused 
by cooling of the tank is : 


AC = C 


L -423°F ~ L 70°F 
L -423°F 


= -2. 63 inch 


where the total fractional contraction of the tank at -423 °F used was -4. 15 x 
10 in. /in. (Reference 20, Figure A. 5. t). The contraction in the greater 
circumference dimension of the inner face sheet is: 


AC = C 


L -423°F ~ L 70°F 
L -423°F 


= -3. 42 inch 


where the total fractional contraction 


L -423°F ~ L 70°F 
L -423°F 


value of -5. 4 x 10 was taken from Figure 3-40. 


rr 


Table 7-9 

LH 2 and lo 2 tank design parameters 


' 1 



L° 2 

LH 2 

Material 

2219 A1 

2219 A1 

T* 

-297°F 

-423 °F 

P V*- vU 

40 psi 

40 psi 

0 

r o 

17.4° 

11. 5° 

r 

63. 5 inches 

95 inches 

h 

0 

18 inches 

t 

0.05 inch 

0. 06 inch 

r 

0 

0. 10 inch 


/ i 


* T = Saturation temperature at 1 atm pressure 
** P = Maximum tank operating pressure 
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To outline a method for sizing the MLI, a worst-case LH^, tank pressure 
differential of 41. 9 psia was assumed. This includes an assumed initial 
tank pressurization of 40 psia plus an additional 1. 9 psia caused by a 
vehicle acceleration of 3 g's. The resulting stress in the hemispherical 
dome is: 


<r 


P r 
2 t 


r 


33, 170 psi 


where r and t are shown in Table 7-9. 
r 


The change in the radius of the dome is 
Ar = (1-u) = +0. 19 inch 

where E = 11. 7 x 10"^ psi at -423 °F (Reference 20, Figure A. 5. i), and 

u = 0. 3. The increase in the radius of the cylindrical section was assumed to 
be the same as that of the domes (Ar = +0. 19 inch). The resulting increase 
in circumference of the domes or the cylindrical section (minor circumfer- 
ence ) will be : 


AC = 2 t r (Ar) = 1. 19 inches 


The change in length of the cylindrical section is: 


Ah 


Fh 

AE 


+0. 030 inch 


whe re : 

59o 69 in. 2 
1. 178 x 10 6 lb 
E = 11. 7 x 10” 6 psi 
and r, t^, and h are shown in Table 7-9. 
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A = 2 rut 


F = Trr P = 



The net change in the greater circumference of the Lh^ tank is, therefore, 

-2. 63 + 1.19 + 0. 03 + 0. 03 = - 1. 38 inches. The analyses for the changes in 
LH2 tank minor circumference were accomplished in the same way and the 
results for the changes in both the greater and minor circumferences are 
summarized in Table 7-10. Since the contraction of the inner face sheets 
of ^3, 42 inches is greater than the contraction of the tank (-1. 38 inches), 
the total oversizing required on the face sheets in the greater circumference 
direction is 2. 04 inches. The oversizing required in the minor circumference 
direction is 1.83 inches. The results are summarized in Table 7-11. 


7. 4. 3. 2 MLI Oversizing for LC^ Tank 

The circumference of the LC^ tank at ambient temperature is: 
C = 2itr = 398.97 inches 


where the radius r is 63. 5 inches, see Table 7-9. This is also the circum- 
ference dimension for the inner layer of the assembled MLI composite. The 
change in the LC^ tank circumference due to cooling of the tank is: 


AC = 


' T T 

-281 °F 70°F’ 


'-28 1 °F 


-1.36 inche s 


where the total fractional contraction of the tank at -281°F used was -3. 4 x 
-3 

10 in. /in. (Reference 20, Figure A. 5. t). 


The contraction of the inner layer of the assembled MLI composite (inner 
face sheets) is: 


AC = C 


L -281°F ~ L 70° F' 
L -281°F 


- 1. 92 inches 


where the total fractional contraction value of -4. 8 x 10 was taken from 
Figure 3-40. 


As with the LH^ tank, an initial tank pressurization of 40 psi was assumed. 
The pressure at the aft end of the tank will increase by an additional 15. 7 psi 


293 


294 


Table 7-10 


CHANGES IN TANK GEOMETRY DUE TO FILLING, 
PRESSURIZATION, AND ACCELERATION 



Initially 

After Filling 
with Cryogen 

After Pressurization 
and at Maximum 
Acceleration 

Net Geometry 
Change 


L° z 

LK 2 

L° 2 

LH 2 

L° 2 

lh 2 

l° 2 

LH 2 

T (°F) 

70 

70 

-281 

-423 

-281 

-423 



P (psi) 

0 

0 

0 

0 

55. 7 

45 



Greater radius (in. ) 

63. 5 

NA 

63. 28 

NA 

63. 42 

NA 

-0. 08 

NA 

Greater circum- 
ference (in. ) 

398. 97 

632. 98 

397. 61 

630. 35 

398. 47 

631. 60 

-0. 5 

■1. 38 

Minor radius (in. ) 

NA 

95 

NA 

94. 60 

NA 

94. 79 

NA 

-0. 21 

Minor circumference 
(in. ) 

NA 

596. 88 

NA 

594. 40 

NA 

595. 59 

NA 

-1.29 


Table 7-11 


REQUIRED OVERSIZING OF INNER FACE 
SHEETS OF INNER BLANKETS 



Face-Sheet Contraction 
due to Loading 
the Cryogen (in. ) 

Net Tank 
Geometry Change 
(in. ) 

Required 
Over sizing 
(in. ) 


L °2 

LH 2 

L °2 

LH 2 

L° 2 

LH 2 

Greater radius (in. ) 

-0.3 

NA 

-0. 08 

NA 

+0,. 22 

NA 

Greater circumference (in. ) 

-1.92 

-3, 42 

-0. 5 

-1. 38 

+ 1. 42 

+2.04 

Minor radius (in. ) 

NA 

-0.5 

NA 

-0. 21 

NA 

+0.29 

Minor circumference (in. ) 

NA 

-3. 12 

NA 

-1.29 

NA 

+ 1. 83 


due to an acceleration of 3 g's during ascent. Consequently, a worst-case 
LO^ tank pressure differential of 55. 7 psia was assumed to calculate the net 
change in tank circumference. The resulting stress in the hemisphere is: 

cr = yj- = 35, 370 psi 
r 

where r and t are shown in Table 7-9. 
r 

The change in the radius of the dome is: 

Ar = * J? m (1-u) = +0. 14 inch 

A 

where E = 11. 5 x 10 psi at -281°F (Reference 20, Figure A. 5. i), and 
u = 0. 3. The resulting change in circumference is +0. 88 inch. 

The net change in the circumference of the LO^ tank is, therefore, -1. 36 
+ 0. 88 = -0. 48 inch. The total oversizing required on the inner face sheets 
is 1. 92 - 0. 48 = -1. 44 inches. These results are summarized in Tables 7-10 
and 7-11. 
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Section 8 


FASTENER STRUCTURAL TESTS AND 
THERMAL DEGRADATION TESTS -TASK 6 

The objective of Task 6 was to accomplish testing that would assist in 
verifying the performance capability of the MLI system for an ILRV Orbiter 
vehicle application. This included structural tests of the fastener and 
thermal degradation testing of the MLI composite. 


8. 1 FASTENER TESTS 


5 

j 


1 

i 


The MLI system uses fasteners to hold the layers together to form an 
integral unit (panel), These fasteners consist of a small diameter shank, 
which passes through the layers in an MLI panel, and a button on each end 
of the shank to contain the layers. The shank and the button on one end of 
the shank are normally a single piece which has been formed by molding. 

The button on the other end of the shank is installed after the shank has been 
passed through the layers and is retained by a head formed by heating the end 
of the shank. For the tests reported herein, molded Astrel 360 fasteners, 
which were selected for the system (Section 9), were not available and the 
buttons were retained on both ends of an Astrel 360 shank by a heat formed 
head. Since the button material was not of importance to the tests, available 
Nylon buttons were used. The shanks were cut from 0, 026-inch Astrel 
360 sheet-stock. 


i 

j 

! 


Three test series were conducted to verify the capability of the fasteners to 
withstand the structural loads anticipated in an ILRV application. These 
tests determined the load limit of the fasteners in both the tensile and shear 
directions and the ability of the fasteners to withstand cyclical compressive 
loads. All of the tests were run at room temperature. 


8. 1. 1 Load Limit of Fasteners in Tensile D irection 

The load limit of the fasteners in the tensile direction was determined by 
loading the fastener specimens in an Instron testing machine as shown in 
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Figure 8-1. As shown in Table 8-1, the tensile load at specimen failure 
varied from 1. 6 to 1.8 pounds. All of the specimen failures were due to 
the button retaining head, formed by heating, popping off. There was no 
failure of the fastener shank. 

The maximum load in the tensile direction is expected to be caused by the 

pressure differential across the MLI panel during purge gas evacuation. 

Since the fasteners are one foot or less apart in an MLI panel and since the 

2 

peak anticipated pressure differential across the panel is 1 lb/ft , the 
maximum load expected on the fasteners in the tensile direction is one pound. 
Thus, the fastener design appears to be adequate for this application. 

8. 1. 2 Load Limit of Fasteners in Shear Direction 

The load limit of the fasteners in the shear direction (see Figure 8-2) was 
also determined by loading the specimens in an Instron testing machine. 
Significant deflection of the shanks was sustained when the load was applied 
but all of the specimens failed because of the heat- sealed head popping off. 



Table 8-1 

TENSILE LOAD LIMIT OF FASTENERS 


Test Specimen 
Number 

Cross Sectional 
Area of Shank 
(in. 2 ) 

Tensile Load 
at Failure* 
(lb) 

T 1 

7. 75 x 10' 4 

1.6 

T2 

7. 28 x 10" 4 

1. 8 

T3 

8. 1 x 10" 4 

1. 62 


*A11 specimens failed by heat formed head popping off. 


There was no shear or tensile failure of the shank. The load at specimen 
failure vaired from 2. 8 to 3. 87 lb, see Table 8-2. 

Since the inner face sheet carries the load from each fastener to the end of 
the panel, the load on a fastener in the shear direction is caused by the 

CR14 




Figure 8*2. Specimen Configuration for Loadi in Shear Direction • Fa»tener Te«t» 
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Table 8-2 

LOAD LIMIT OF FASTENERS IN SHEAR DIRECTION 


Test Specimen 
Number 

Cross Sectional 
Area of Shank 
(in. 2 ) 

Load at Failure* 
(lb) 

SI 

8. 84 x 10“ 4 

2. 8 

S2 

8. 06 x 10 

3. 87 

S3 

7. 5 x 10“ 4 

3. 52 

*A11 specimens 

failed by heat formed head popping off. 


weight of the panel in the vicinity of the fastener. The fasteners are one foot 

or less apart in an MLI panel and a conservative (slightly high) value for the 

2 

weight density of a panel is 0. 19 lb /ft . Consequently, in a 3-g field, the 
maximum load anticipated in the shear direction is 0. 57 lb which is much 
less than the 2. 8-lb minimum load capability of a fastener (Table 8-2). 


8. 1. 3 Cyclic Compression Test 

The ability of the fasteners to withstand cyclical compressive loads was 
tested by placing an MLI specimen containing a fastener between two plates 
which were mounted in an Instron testing machine. The machine was set to 
cycle the load on the specimen with a total cycle time of approximately two 
minutes. The cycles were repeated 100 times with an inspection for speci- 
men damage every 10 cycles. Two test series were accomplished on the 
same specimen. The first cycled the compressive load from zero to 1. 15 lb 
and the second cycled the compressive load from zero to 3. 5 lb. 


The MLI specimen was 15 by 15 inches and contained a fastener through 
20 layer-pairs of DGK/Dacron B4A. The fastener was located in the center 
of the specimen. The fastener shank was Astrel 360 and had a cross - 
sectional area of 7. 56 by 10 in. . The buttons were 0. 5-inch diameter and 
0. 0 1 -inch-thick Nylon. The buttons were held on the shank by a heat-formed 
head on each end of the shank. 
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The inspection of the test specimen after both test series revealed that there 
was no damage to the fastener or to the MLI layers. The peak compressive 
load of 3. 5 lb is approximately 45 percent higher than the maximum antici- 
pated compressive load in a 3-g field. Consequently, the cyclic compressive 
tests indicate that the Astrel 360 material and the fastener design are 
adequate for the anticipated compressive cycling. 

8. 2 THERMAL DEGRADATION TEST 

The reuseability of the MLI system in a ILRV application results in environ- 
ments not encountered heretofore in single launch applications. One of these 
is the cyclical pressure environment within the MLI. The effects of this 
phenomena were investigated on a MDAC IRAD program which included a 
test to determine if any degradation of the MLI thermal performance occurs 
as a resuLt of numerous evacuation-repressurization cycles. The test objec- 
tive was met through the use of an MDAC- conceived and sponsored new 
calorimeter which uses heat-flux gages. • The test included insulating the 
calorimeter with a representative MLI composite, and evacuating and repres- 
surizing the MLI 101 times in a vacuum chamber. The results of this study 
which are pertinent are reported herein for reference. 

8. 2. 1 Test Calorim eter 

The heat flux gage calorimeter designed and fabricated for these tests is 
shown in Figures 8-3 and 8-4, This tank is 4 feet long, 2 feet wide, and 
5 inches deep and is constructed of aluminum. The heat flux gages are 
located on the top surface of the tank as shown in Figure 8-3. Heat flowing 
through these gages causes a very small temperature difference across the 
gages which is directly proportional to the heat flux to be measured, Multi- 
plication of the effect of this very small temperature difference by means of 
a miniature thermopile within each gage makes it possible to measure the 
voltage output without amplification, thereby maintaining high accuracy. The 
gages are thin (approximately 80 mils) and have a negligible effect on the 
total thermal resistance of the system being tested. The gages selected 
have a very thin copper cladding on the top and bottom surface which auto- 
matically averages fluxes that are not uniform in the area contacted by the 
gage. Four of these heat flux gages were used and were connected in series 
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Figure 8-3. Heat Flux Gage Calorimeter - Top View 







to provide a microvolt output sufficient for measurement at the low heat 
fluxes. Each of the gages measures 4. 5 by 4. 5 inches giving a total surface 
area of 8 1 in. for the four gages. 

The tank is supported in the vacuum chamber by a support beam cantilevered 
off of the end dome of the chamber, see Figure 8-3. Three vertical straps 
support the tank from this beam. The support straps are constructed of 
epoxy-glass and have a small cross-sectional area to minimize heat flow to 
the tank through these supports. 

A fill line and a vent line are located as shown in Figure 8-4. These plumb- 
ing lines are located at the tank end farthest from the plumbing pass-throughs 
in the end dome. This allows insulating these lines for a length sufficient to 
minimize the heat flow to the tank through the plumbing lines. The wiring 
from the heat flux gages and from thermocouples on the tank are fastened to 
the plumbing. This minimized the heat flow to the tank through the wiring. 

8. 2. 2 Test Specimen 

The test panels of MLI were fabricated in a basic panel configuration con- 
sistent with the design discussed in Section 10, This included face sheets, 
fasteners, and lacing buttons. The reflector material was 25-gage DAM 

and contained the perforation pattern selected in Task 4, Section 6; 

2 

0. 046-in. -diameter holes, 5 holes /in. , 0. 85 percent open area. The 
separator material was Dacron B4A net. The face sheet material was 
Dacron 15413 net with Nylon straps. Two panels of MLI were used to 
obtain the desired thickness. Each panel contains 35 layer pairs giving a 
total thickness of 70 layer pairs. The average thickness of the MLI over 
the heat flux gages was 0. 69 inches. 

The ends of the calorimeter were covered with MLI as shown in Figures 8-5 
and 8-6. These end caps were fabricated in-place on the calorimeter. The 
MLI layers on the support straps and plumbing lines were installed at the 
same time as the end caps and the reflector layers were interleaved at the 
junction of a strap or plumbing line with the tank. Velcro was used to help 
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position and hold the panels in place. The Velcro at the joints also served to 
tie the inner face sheet of a panel to the adjacent inner face sheet. 

The installation of the inner MLI test panel is shown in Figure 8-7. This 
panel wraps around the tank with the ends of the panel forming a joint across 
the bottom. The joint across the bottom between the ends of the test panel 
and the joints between the test panel and the end caps were held together 
with lacing thread between the outer face sheets and with Velcro between 
the inner face sheets. 

The outer MLI test panel was installed in a manner similar to that of the 
inner panel. The location of the joint across the bottom formed by the outer 
panel was offset from the corresponding joint for the inner panel by four 
inches. The offset between the joint formed by the outer test panel and an 
end cap and the joint formed by the inner test panel and an end cap was also 
four inches. The width of the inner panel is 30 inches. The outer panel is 
38 inches wide. The MLI, completely installed on the calorimeter, is shown 
in Figures 8-8 and 8-9. 

8. 2. 3 Test Apparatus and Procedure 

The vacuum chamber used is an ultrahigh vacuum system manufactured by 

the Ilikon Corporation (Model 120). ' This chamber has an internal diameter 

of 30 inches and a length of approximately 50 inches plus the end domes. 

Numerous electrical and plumbing pass-throughs are available in one of the 

end domes, see Figure 8-10. A window is located in the other end dome. 

The system, see schematic in Figure 8-11, normally includes a forepump 

3 

(15 ft / min), a 10 -inch diffusion pump, and a 2 inch diffusion pump. An 

3 

additional forepump (15 ft /min) was added for these tests to obtain a faster 
chamber evacuation rate. 

The pressure history in the chamber was measured with an NRC Model 5 30 
alphatron gage and a CEC Model G1C-100 hot cathode ionization gage. The 
alphatron gage provides pressure data from 1 atm to approximately 

_4 _3 

5 x 10 torr. The ionization gage provides pressure data below 10 torr. 






X 



INSTRUMENTATION 

PASS-THRU'S 


HELIUM PRESSURANT 
LINE 


IONIZATION GAUGE f 4 * 


FILL LINE 


LN_ DEWAR 


■ VENT 

lSunf 


FILL LINE 
VALVE 


THERMOCOUPLE 
REFERENCE 


FILL LINE 

DRAIN 

VALVE 


ICE 

THERMOCOUPLE 

REFERENCE 


’ ' WapM 

■ “ 

Ai -PHATRO*N|j 



■■ GAUGE 


CR 14 


Figure 8-10. T^st Setup, Heat Flux Gage Calorimeter 
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Figure 8-11. Evacuation and Repressurization System Schematic 


Copper constantan thermocouples were located on the calorimeter, within 
the MLI, and on the outer surface of the MLI. The thermocouples and their 


locations are shown in Table 8-3. Further details of the location of the 


thermocouples within the MLI are presented in Figure 8-12. The wires for 
the thermocouples on the calorimeter and the thermocouple in the heat flux 
gage were brought out under the MLI along the fill and vent lines, see Fig- 
ure 8-4. The wires for the thermocouples within the MLI were located for 
a distance on an isotherm within the MLI and then brought out through the 
joint between the test panels and an end cap. 


The amount of liquid in the calorimeter was monitored by using a load cell 
placed between one of the support straps and the support beam, see Fig- 
ure 8-3. The pressure history in the calorimeter was monitored with a 
0 to 15 psi strain-gage -type pressure transducer. 


All of these data were recorded on computer tape with an NLS Model 126220 
data acquisition system, see Figure 8-13. The data were also recorded on 


Milt . 












Table 8-3 

THERMOCOUPLES - THERMAL DEGRADATION TEST 


T/C 

Number Location 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


Vent line near tank - Differential T/C, 4. 2 -in. spacing 

Outer surface of vacuum chamber, South side 

Fill line near tank - Differential T/C, 4. 3-in. spacing 

Fill line near tank - Differential T/C, 2. 25-in. spacing 

Vent line near tank 

Fill line near tank 

Bottom of tank 

Support strap 

Support strap 

Outside layer of MLI, top of tank 
In MLI, 35 layers from tank 
In MLI, 20 layers from tank 
In MLI, 10 layers from tank 

At joint between outer test panel and end cap, 

35 layers from tank 

2-in. from joint between outer test panel and end cap, 

35 layers from tank 

4- in. from joint between outer test panel and end cap, 

35 layers from tank 

Outside layer of MLI, end of tank 

In one of heat flux gages 
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Figure 8-13. Data Acquisition System, Heat Flux Gage Calorimeter 


a "printout" with a Franklin Electronics printer. The data acquisition system 
includes a digital clock. This time is recorded at the start of each data scan. 
A reference zero and reference voltages were also recorded as part of each 
data scan. 


The calorimeter was filled with LN 2 from a 100-liter dewar (Figure 8-10). 
The LN^ was forced out of the dewar and into the calorimeter by pressurizing 
the dewar with helium. During the filling operation, the fill-line valve was 
opened and the fill-line drain valve was closed, see schematic in Figure 8-14. 
After the calorimeter was full, the fill-line drain valve was opened to ensure 
that no liquid remained in the fill line. Both valves were than closed, forcing 
the nitrogen boiloff out the vent line. 


The evacuation of the chamber was initiated by opening the pneumatic valve, 
see schematic in Figure 8-11; both of the forepumps were operating at all 
times. After reaching a pressure of 0.4 torr or less, the 10-inch diffusion 
pump was turned on. The 2-inch diffusion pump was not normally used 
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Figure 8-14. Calorimeter Fill and Vent System Schematic 

because it was of little benefit in the pressure ranges of interest. An 
evacuation pressure history, cycle 50, is shown in Figure 8-15. The antici- 
pated ambient pressure history during ascent for an ILRV is also shown 
(see Figure 4-5). Because of the long periods required to reach pressures 
of 10 "^ to 10“6 torr, only a few of the cycles were allowed to reach pressures 
this low. For most of the cycles, the diffusion pumps were not turned on 
and repressurization of the chamber was initiated when the evacuation had 
reached a pressure of approximately 0. 02 torr. This pressure of 0. 02 torr 
is well below that which would create a significant pressure differential 
across the MLI . 

Evacuation was normally begun shortly after the pressure in the chamber had 
reached one atm. However, on those cycles where the chamber pressure 
was allowed to drop to the 10 torr range, (those cycles of special interest 
su<~h as number 1, 5C, and 101) the chamber pressure was maintained at 
one atmosphere pressure until a nearly steady- state heat flux condition had 
been reached. 


4 
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Figure 8*15. Evacuation Pressure History 
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The initial steps involved in the repressurization consisted of: closing the 

pneumatic valve in the chamber evacuation line; verifying that the flexible 
bag plenum valve was closed, see Figure 8-11; setting the pressure regulator 
on the helium bottle; and opening the high vacuum valve, see Figures 8-11 
and 8-16. The desired repressurization history was then obtained by open- 
ing a needle valve (Figures 8-11 and 8-16) as required. A stop watch and 
dials on the pressure gage controllers (Figure 8-16) were used with a plot of 
the desired pressure history (Figure 8-16) to guide the operator in opening 
the needle valve. At the higher pressures, the needle valve was fully opened 
and the vacuum valve (see Figures 8-11 and 8-16) was used. When a pres- 
sure near one atm was reached, the regulator on the helium bottle was closed 
and the flexible bag plenum valve was opened. This flexible bag, filled with 
helium, provided a simple but effective means of obtaining one atm in the 
chamber without a danger of overpressurization. When the chamber pres- 
sure had reached one atm, the valves in the repressurization system were 
all closed and the evacuation and repressurization system was ready for the 
next cycle. Typical repressurization pressure histories are shown in 
Figure 8-17. 
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Figure 8-16. Repressurization System 
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Figure 8-17. Typical Repressurization Pressure Histories 


Liquid nitrogen (LN^) was used as the cryogen in the calorimeter and helium 
was used as the repressurization gas for* all of the cycles. The MLI and 
vacuum chamber were purged with helium prior to evacuation on the first 
cycle. After purging the MLI, the calorimeter was filled with LN^ while the 
chamber contained helium at one atm. This simulated the ground-hold phase 
of an actual vehicle launch. The calorimeter was refilled during the cycles 
whenever needed and at times which did not interfere with obtaining signifi- 
cant data. The calorimeter was never allowed to be completely emptied 
of LN . 

8. 2. 4 Test Results 

The heat flux histories obtained for cycles 1, 50, and 101 are shown in 

Figures 8-18 and 8-19. The steady-state heat flux for cycles 50 and 101 are 

in good agreement with each other, showing heat fluxes of approximately 

2 

0. 14 to 0. 15 Btu/hr ft . The steady-state heat flux for cycle 1 was a little 

2 

over twice as high, with a value of approximately 0. 34 Btu/hr ft . It is felt 
that the higher heat flux for cycle 1 was probably due primarily to a higher 
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layer density for this cycle. The repressurization and evacuation of the MLI 
apparently decreased the layer density resulting in a lower heat flux for the 
evacuated periods in the later cycles. 

The dip in heat flux immediately after evacuation to values of 0. 0 3 to 
2 

0. 04 Btu/hr ft , as shown for cycles 50 and 101, is consistent with expected 
results and is due to the storage of energy by the MLI layers. The energy 
required to increase the temperature of the layers after evacuation does not 
reach the tank and, consequently, the heat flux to the tank is reduced. The 
absence of a large dip in the heat flux for cycle 1 is thought to be an indica- 
tion that outgassing was occurring. This would tend to increase the heat 
flux and thereby offset the effect of storing energy in the layers. Pressure 
data also indicated that the evacuation was not as rapid as that experienced 
in the later cycles. 

Although the evacuation rate was not as rapid on the first cycle, it is not 

apparent that the steady-state heat flux was affected by a higher interstitial 

gas pressure within the MLI. Unfortunately, this conclusion is somewhat 

tenuous since a large part of the cycle 1 steady- state chamber pressure da ;a 

were not obtained due to a problem with the pressure gage. However, some 

steady-state pressure data were obtained near the end of the cycle. For 

example, at 66 hours after the start of evacuation on cycle 1, the chamber 

pressure was approximately 3 to 3. 5 x 10 torr. The chamber pressure 

at 66 hours after the start of evacuation for both cycles 50 and 101 was 

_ 7 

approximately 9 x 10 torr. This may indicate that some outgassing was 
still present at 66 hours in cycle 1. However, the pressure of 3. 5 x 10 torr 
should be sufficiently low to eliminate the effect of interstitial pressure on 
the heat flux. 

The heat flux in all of the cycles had reached its steady- state evacuated value 

in less than 1 hour after initiating evacuation, see Figures 8-18 and 8-19. 

This was followed by a period of 30 to 40 hours in which the heat flux was 

less than the evacuated steady- state value. The steady- state heat flux values 

2 

of 0. 14 to 0. 15 Btu/hr ft yield effective thermal conductivities of approxi- 

_ 5 

mately 2 x 10 Btu/hr ft°R. This is in good agreement w’ith the data 
obtained in the flat-plate calorimeter tests reported in Subsection 3. 10 for 
the DGK/Dacron B4A composite at similar layer densities, see Table 3-28. 
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The heat flux history during an evacuation and a repressurization are shown 
in Figures 8-20 and 8-21, respectively. Both curves are data obtained on 
cycle 50. A typical steady- state heat flux in helium at one atmosphere pres- 
sure is also ^hown in Figure 8-20. 

A typical steady- state temperature profile through the MLI, when in a 
vacuum, is shown in Figure 8-22. A typical temperature profile within the 
MLI layup at a joint is shown in Figure 8-23. The thermocouples for the 
data shown in Figure 8-23 were all located on a face sheet between the inner 
and outer panels (layer number 3 5). The temperature effect of the joint was 
less than had been expected. As shown, a temperature difference of only 
approximately 12°F was recorded. 
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Figure 8-20. Heat Flux History During Evacuation 
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Figure 8-21. Heat Flux History During Repressurization 
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Figure 8-23. Typical Temperature Profile at a Joint 


8, 2. 5 Conclusions and R ecommendations— Thermal Degradation Test 
The thermal degradation tests showed that an improvement, not a degrada- 
tion, may be expected in the thermal performance of the MLI as a result of 
repeated evacuation and repressurization cycling. It was concluded that 
some outgassing was present on the first cycle, but the evacuation of the 
MLI was quite rapid for ail ot the cycles. The evacuated steady-state heat 
flux value was reached in less than one hour. 

The heat-flux gage calorimeter has proven to be a very useful tool. It 
appears to have great potential for studies on MLI evacuation, effects of 
outgassing, effects of joints, effects of system configuration, purging, 
chilldown, and effects of environmental cycling, as well as the thermal 
performance of full thickness MLI candidate composites. Further studies 
in these areas using the heat-flux gage calorimeter are strongly 
recommended. 
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Section 9 

SELECTION OF MLI SYSTEM AND MATERIALS— TASK 7 

The objective of Task 7 was to select an MLI system and the materials for 
the components in that system based on the test data and analytical results 
obtained in other tasks within this contract. 

9. 1 SYSTEM SELECTION 

Four insulation system configurations were considered in this study. These 
were tank- mounted insulation with or without foam on the interior surface of 
the tank wall and non- tank- mounted insulation with or without foam on the 
interior surface of the tank wall. Purging of the insulation and the associated 
purge bag and plumbing hardware are included as part of each of the systems 
considered. For the non- tank- mounted insulation systems, a single- curvature 
gore segment shroud which envelops the tank was selected to support the 
insulation, see Section 5. The weight of this shroud was estimated to be 
80 and 1 8 1 lb for the LC^ and LH 2 tanks, respectively. Although this weight 
is relatively small considering the large size of these shrouds, the reduction 
in boiloff does not appear to be sufficient to offset the weight of the shroud. 

As shown in Table 9-l> a complete elimination of the in- space boiloff would 
not offset the weight of the shroud for a 7- day mission. A reduction in 
boiloff of 35 to 38 percent would be required to offset the weight of a shroud 
on a 30-day mission. This is slightly more than the theoretical maximum 
anticipated reduction of 20 to 30 percent. Since the shroud was designed to 
fit as closely as possible over the tank, the net effect on the system weight 
of any changes in the weights of such things as the MLI, purge bag, fasteners, 
lacing buttons, attachment hardware, plumbing, and repressurization bottle, 
resulting from placing the MLI on the shroud, should be negligible. Conse- 
quently, a tank-mounted insulation system appears to be a better configura- 
tion for this application when used in missions of 3 0 days or less duration. 
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Table 9-1 

IN- SPACE BOILOFF VS SHROUD WEIGHT 




7- Day Mis sion 

30- 

Day Mission 


Tank 

Tank 

Surface 

Area 

(ft 2 ) 

In- Space 
Boil off 
(lb /ft 2 ) 

Total 

In-Space 

Boiloff 

(lb) 

In- Space 
Boiloff 
(lb /ft 2 ) 

Total 

In-Space 

Boiloff 

(lb) 

MLI 

Shroud 

Weight 

(lb) 

lh 2 

863 

*0. 1307 

113 

*0. 559 

482 

181 

lo 2 

352 

**0. 1645 

58 

**0. 665 

234 

80 


*Taken from Table 6-1. 

**Obtained from Figures 6-45 and 6-46. 


Three different system concepts were investigated in detail for MLI mounted 
on the LH 2 tank: (1) helium purge of the MLI during ground hold and helium 

repressurization during reentry, v/ith no internal tank foam; (2) helium purge 
and repressurization as in (1), but with the minimum practical thickness 
(0. 5 inch) of internal tank foam; and (3) nitrogen purge of MLI during ground 
hold, helium repressurization during reentry, and with sufficient internal 
tank foam to preclude liquefaction of nitrogen purge gas during ground hold. 
The analyses showed that the helium purge and helium repressurization with 
no foam system provides the lowest system weight and was, therefore, 
selected for the LH 2 tank, see Section 6. 

Two different system concepts were investigated in detail for MLI mounted 
on the LO 2 tank: (1) helium purge and repressurization, with no tank foam; 

and (2) nitrogen purge and repressurization, with no tank foam. The results 
of the analyses (Section 6) show that the nitrogen purged system concept 
offers the lowest system weight and was, therefore, selected for the LO 2 
tank. 

9.2 REFLECTOR MATERIAL 

Four candidate reflector materials were considered after a preliminary 
evaluation and material survey. These were double goldized Kapton (DGK), 


double aluminized Kapton (DAK), double goldized Mylar (DGM), and double 
aluminized Mylar (DAM). From these candidates, the DGK material was 
chosen. One of the significant advantages of the goldized material over the 
aluminized material is its high resistance to moisture degradation. This was 
verified in tests (Section 3. 5) which indicated that control of the condensibles 
within the MLI while the vehicle is on the ground between flights will not be 
required to prevent moisture degradation if DGK is used. An aluminized 
reflector would require control of the condensibles within the MLI. The 
goldized materials also have a lower surface emissivity than do the alumi- 
nized materials. Consequently, a slightly higher thermal performance can 
be obtained with a goldized reflector. This was verified in the calorimeter 
tests reported in Subsection 3. 10. Testing also indicated that the gold will 
not be removed by abrasion from the separator when subjected to the acous- 
tic environment (Subsection 3. 8) and that the DGK material is capable of 
withstanding the temperature cycling in an orbiter application 
(Subsection 3. 3). 

DGK was chosen over DGM because Kapton has the capability of withstanding 
much higher temperatures. Also the supplier has experienced difficulty in 
manufacturing the DGM and this material will probably only be available in 
much thicker (therefore heavier) sheets in the future. 

Should future studies show that control of the condensibles within the MLI 
while the vehicle and tankage are being serviced and inspected between flights 
is not a significant problem in terms of system complexity, reliability, and 
operating costs, and the in-flight temperature environment is low enough to 
permit using Mylar, the DAM material could be considered. The DAM is 
available in 15- gage x. aterial and is, therefore, lighter than the 25- gage DGK 
material. The DAM also has a lower material cost. 

9.3 SEPARATOR MATERIAL 

Numerous candidate separator materials were considered in this study. 

These included: Nomex nets (styles HT-96, HT-289, and HT- 58); Dacron 
net (style B4A); Beta glass nets (styles 1653 and 1659); Nomex fabric (style 
HT- 287); Burette fabric (style 6632- 27-2); and Beta glass fabric (style 81677). 
From the separators considered, the Dacron B4A has been selected. The 


combination of light weight and high thermal insulation performance provided 
by the Dacron B4A net is the principal reason for its selection. Testing that 
was accomplished to evaluate the separator candidates has included thermal- 
resistance screening (Section 3. 2), flat-plate calorimeter (Subsection 3. 10), 
outgassing (Section 3. 6), cyclical temperature (Subsection 3. 3), strength 
after cyclical temperature (Section 3. 3), effect of separator volatiles on 
reflector emissivity (Section 3.4), thermal expansion (Subsection 3. 7), com- 
pression effects on layer density (Subsection 3. 9), and acoustic tests (Subsec- 
tion 3. 8). The results indicated that the Dacron B4A net would provide the 
highest thermal performance, the lowest outgassing, and would meet the cur- 
rent cylical temperature design criteria (maximum temperature of 350° F). 

The strength of all of the separator materials tested was degraded by the tem- 
perature cycles, but all retained adequate strength to support the minimal 
loads to which the separators are subjected. No degradation in reflector 
emissivity due to separator volatiles could be detected for any of the separa- 
tor materials tested. The thermal expansion characteristics of the Dacron 
B4A are satisfactory. The use of Dacron B4A results in relatively higher 
layer densities but the increase in layer density resulting from 100 compres- 
sive load cycles was lowest (approximately 5 percent) for the DGK/Dacron B4A 
composite. The Dacron B4A withstood the acoustic environment tests without 
degradation. The Nomex HT- 96 and HT-287 separator materials which were 
also included in the acoustic environment tests sustained some unraveling. 

Should future requirements necessitate a material with the capability for 
withstanding higher temperatures than possible with Dacron, the Nomex HT-96 
net or Nomex HT-287 fabric could be considered because these materials 
withstood temperature cycles to 650°F. These materials also are lighter 
weight and indicated better thermal performance, except for Dacron B4A, 
than the other separator materials considered. Nomex HT-96 has the lowest 
weight and exhibited the highest thermal insulation performance of the Nomex 
materials considered; however, it is difficult to handle in fabrication of com- 
posite panels as it has a tendency to unravel. The Nomex HT-287 fabric is 
slightly less desirable from a weight and thermal performance consideration 
but is much more resistant to unraveling. Both Nomex materials would 
require further evaluation in an acoustic environment. B4A can be readily 
fabricated and has no tendency to unravel. 
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9.4 FACE-SHEET SYSTEM 

The face-sheet system consists of a basic material with a load- carrying strap 
fabricated onto this basic material by impregnating the strap area with a 
resin. A Nomex fabric (style HT-287) and a Beta glass fabric (style 81677) 
were considered for the basic material. Viton, Silicone, Polyimide, and 
Teflon were considered as the resin. Thus, a total of eight face-sheet sys- 
tems were considered. Of these, the Polyimide /Nomex HT-28 7 and Silicone/ 
Nomex HT-287 systems have been selected, as shown in Table 9-2. 

An important consideration in the selection of a face sheet system is its 
thermal expansion characteristics. To ensure that the load is being carried 
by the face sheet strap and not the reflectors or separators, the face sheet 
must always have a contraction greater than that of the reflector and sepa- 
rator material at a cold temperature and an expansion less than that of the 
reflector or separator at a hot temperature. The thermal expansion charac- 
teristics of the face-sheet systems considered were obtained and are reported 
in Section 3. 7. The results indicated that the Silicone/Nomex HT-287, 

Table 9-2 

ML I COMPOSITE MATERIALS SELECTED 


Component 

Material 

Supplier 

Reflector 

Double goldized Kapton 
(25 to 30 gage) 

National Metalliz 

Separator 

Dacron net (Style B4A) 

Apex Mills 

Face- Sheet System 

Outer surface of MLI 

Nomex fabric (Style HT-287) 

Fabric: 


and Polyimide resin 

Stern and Stern 

Center of MLI 

Nomex fabric (Style HT-287) 
and Silicone resin 


Inner surface of MLI 

Nomex fabric (Style HT-287) 
and Silicone resin 


Fastener 

Poly s ulfone— As tr el 360 



Viton/Nomex HT-287, and Teflon/Nomex HT-287 systems could all be 
considered for the face sheet on the inner (cold) surface of the MLI. Of 
these systems, the Silicone /Nomex HT-287 system has the lightest weight 
and the best match of thermal contraction characteristics to that of the DGK 
and Dacron B4A. Therefore, Silicone/ Nomex HT-287 has been chosen for 
use in the cold portion of the MLI composite. The strength of the Silicone/ 
Nomex system was shown to be adequate after temperature cycling and no 
brittleness problem at cryogenic temperatures was apparent (Subsection 3.3). 

Silicone/ Nomex HT-287 has also been selected for the outer face sheet of 
the inner MLI panel and the inner face sheet of the outer MLI panel. For the 
temperature operating band at the location of these face sheets in the center 
of the MLI composite, the same face-sheet systems can be considered as for 
the inner, cold, surface with the Silicone/ Nomex HT-287 again offering the 
lowest weight and best match of thermal contraction characteristics. 

The thermal expansion test results indicated that the Polyimide/ Nomex 
HT-287, Polyimide/Beta glass, Teflon/ Beta glass , Silicone / Beta glass, and 
Yiton/Beta glass systems could all be considered for the face sheet on the 
outer (hot) surface of the MLI composite. Of these, the thermal expansion 
characteristics for the Polyimide /Nomex HT-287 and Teflon/Beta glass, at 
the temperatures of the outer face sheet, appeared to have the best match to 
the thermal expansion characteristics of the DGK and Dacron B4A. The 
Polyimide/ Nomex HT-287 was chosen since its weight is only approximately 
1/3 that of the Teflon/ Beta glass system. The weight of the Polyimide/ 
Nomex HT-287 system is also less than that of the other face-sheet systems 
considered. The strength of the Polyimide /Nomex was shown to be adequate 
(Subsection 3. 3) at the operating temperatures of the outer face sheet. A 
more detailed discussion of the selection of the face sheet systems is con- 
tained in Subsection 7.4. 

9.5 FASTENER MATERIAL 

The candidate materials considered for the fastener were Polyimide, Teflon, 
Nylon, and Polysulfone (Astrel 360). The Polyimide materials can be 
expected to be too brittle in the thin sections required for fastener design. A 
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difficult joining problem of fastener shank and button would be anticipated 
with Teflon materials. The Nylon material has been used in the past but 
does not have high temperature capability. Only the Astrel 360 material has 
both a high temperature capability and lends itself to fabrication. Conse- 
quently, Astrel 360 has been chosen. The Astrel 360 material successfully 
withstood temperature cycles to 400 °F, which is within present design 
requirements, with a minimal loss of strength (Subsection 3. 3). This mate- 
rial, however, did not survive temperature cycles to 650°F and could not, 
therefore, be used at temperatures above 400°F without further evaluation. 

9.6 PURGE BAG MATERIAL 

Teflon- coated Kapton was selected for the purge bag material. Other possible 
materials which would meet the temperature requirements and which were 
considered were a Beta glass or Nomex fabric impregnated with a silicone, 
Viton, or Teflon coating. In this application, the resin serves to greatly 
reduce the permeability of the fabric. The Teflon- coated Kapton was chosen 
because it appears to offer the lowest weight and permeability of those mate- 
rials considered. The purge bag materials selected and their properties are 
summarized in Table 7-4. 
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Section 10 

INSULATION SYSTEM CONFIGURATION-TASK 8 

The principal objective of Task 8 was to define a conceptual design for the 
MLI system selected. To accomplish this objective, sketches were prepared 
showing how the insulation system could be assembled and applied to a typical 



j ILRV cryogenic tank. The LH^ tank defined in Task 3 (see Section 5) was 

used. The approach taken was to start with the basic gore panel design out- 
lined in NAS 8-21400 (Ref. 1) changing it where justified, and adding elements 
j where necessary to complete the design. The resulting conceptual design 
] includes sketches showing assembly configurations for all regions of interest, 
j This includes the area around the tank manhole and MLI gore panel support 
j ring, tank support struts, and plumbing. It also includes a sketch of a typical 
gore panel, gore reflector sheet, purge bag, fastener, and lacing button. 
Evacuation valves and purge and repressurization gas inlet and outlet ports 
| are included in the sketches. The plumbing schematic and further details of 
1 the purge and repressurization system conceptual design are included with the 
analyses and discussion of the purge and repressurization system in 
Subsection 6. 5. 

i 

10. 1 MLI COMPOSITE ASSEMBLY CONFIGURATION 

In the system design selected, the layers of reflectors and separators are 
fabricated into panels which are then attached to the tank. Two panels, an 

•i 

j inner and outer panel, are used to obtain the desired insulation thickness. 

Use of 2 panels for the thickness allows offsetting the joints between panels to 
S form what is termed a staggered butt-joint configuration. An indication of the 
orientation and location of the staggered butt joints is included in Figure 10-1 
(Sketch No. SK 710511). The main MLI panels are gore shaped to conform to 
the compound curvature of the tank. These gore panels extend from one end 
of the tank to the other except for a circular, disk- shaped panel located at 
each end of the tank (Figure 10-1). All of the tank plumbing is located at one 
end of the tank and insulation is placed around this plumbing. Insulation is 
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also placed around the six tank- support struts. Details of the configuration 
of the MLI panels and assembly are discussed in the following sections. 

10. 1. 1 MLI Attachment to Tank 

The MLI gore panels are supported by being attached to the tank through a 
fiber glass support ring at each end of the tank. This ring, shown in 
Figure 10-2 (SK 710512), is secured to the tank by three aluminum attachment 
brackets. Tabs on the end of the inner face sheet of the gore panels are 
secured to the support ring with screws. Localized areas on this support 
ring are raised to provide an attachment surface for the tabs on the outer MLI 
gore panels. Adjacent gore panels are held together with lacing thread and 
Velcro. Further details of the gore panels and their assembly are discussed 
in Subsection 10. 1. 4. 

The end of the tank under consideration in Figure 10-2 contains a manhole. 
Circular, disk- shaped, inner and outer MLI panels are used to cover this 
manhole area. The manhole MLI panels are supported by being attached to 
the ends of the gorepanels with Velcro and lacing thread. The Velcro con- 
necting the inner face sheet of the inner panels is bonded to the support ring. 
The design allows access to the manhole and tank interior without removal of 
the gore panels. This access can be readily accomplished by removing the 
lacing between the manhole and gore panels and lifting off the manhole panels. 

10. 1. 2 MLI Configuration at Tank Aft End— Plumbing Penetration Area 
In the tank design under consideration, all of the plumbing and the wiring 
bundle for instrumentation in the tank, or under the MLI, are located at one 
end of the tank. This allows the placement of a fiber glass shroud around 
the cluster of pipes and wires to support the MLI, see Figure 10-3 
(SK 710513). This shroud is supported at the tank end by three aluminum 
clips which are welded to the tank. The shroud is supported at the outer end 
by a fiber glass disk which is bolted to the shroud and clamped to the fill line. 
Three foam blocks which fit around the pipes are bonded to the disk and 
provide a sealing surface around the pipes. Polyurethane is used to provide 
a leak- tight seal between the pipes and foam. In assembly, the foam blocks 
would be sealed to the pipes with the polyurethane. The fiber glass disk 
would then be slid down over the pipes to the foam (the holes in the disk , are 
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overside), clamped to the fill line, and bonded to the foam. The shroud 
would then be slid down over the disk and bolted to the disk. This design 
allows removal of the shroud to inspect the plumbing or wiring normally 
within the shroud. An instrumentation wiring pass through is bonded into 
one of the foam blocks. 

Holes are located in the shroud between the end of the MLI and the MLI 
support ring. These holes allow gas within the MLI to pass through the 
shroud and evacuate out through a butterfly valve. The butterfly valve is 
mounted on the exterior of the shroud as shown in Figure 10-3. 

The MLI is placed on the exterior of the shroud for a distance of approxi- 
mately four feet and is supported by being attached to a ring bonded and 
sealed to the exterior of the shroud, see Figure 10-3. This ring also pro- 
vides a surface for supporting and sealing the termination of the purge bag 
at this point. The plumbing shroud MLI inner and outer panels are both 
fabricated in two pieces to facilitate installation onto the shroud. The two 
halves forming each panel layer are joined by lacing thread and Velcro. The 
reflector sheets are interleaved at the junction of the shroud and tank to 
provide a thermally efficient corner at this point. 

The plumbing MLI panels are attached to the end-dome panels by lacing 
thread and Velcro as shown in Figure 10-3. The joint between the end-dome 
and gore panels and the attachment to the support ring is not shown but is 
identical to that shown for the gore panel to manhole panel joints shown in 
Figure 10-2. 

10. 1. 3 MLI Configuration at Strut Penetration 

Six hollow fiber glass struts are used to support the tank. Each of these 
struts tangentially intersects the tank as shown in Figures 10-1 and 10-4. A 
cylindrical fiber glass shroud is placed over the end of the strut and the strut 
attachment hardware to support the MLI in this area. This shroud facilitates 
the fabrication of the MLI panel for the strut by maintaining a constant inside 
diameter on the portion of the panel over the strut. The shroud is positioned 
after the strut has been attached to the tank by sliding it down over the shroud 
support. The shroud is then clamped to the strut to hold it in position. 
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Figure 10-2. Panel Attachment to Tank and Manhole Cover— SK 710512 


The strut MLI panels are fabricated in one piece with a joint running 
parallel to the strut axis which, when opened, allows installation of the panel 
on the strut. This joint is held closed by lacing thread and Velcro as 
shown in Figure 10-4. The strut MLI panels and gore panels are also joined 
with lacing thread and Velcro. The reflector sheets in the strut panel are 
interleaved at the junction of the MLI on the strut and on the tank. 

Evacuation valves are located on three of the struts, see Figure 10-1. These 
valves are attached to a valve support shroud which is bonded to the fiber 
glass strut, see Figure 10-4. The strut MLI panel and the purge bag are 
attached to the valve support shroud as shown in Figure 10-4. On the three 
struts which do not contain a valve support broud, a fiber glass ring, see 
Figure 10-4, which has been bonded and sealed to the strut, is used to sup- 
port the strut MLI panels and to provide a support and sealing surface for the 
termination of the purge bag on the struts. 

10. 1. 4 Typical MLI Gore Panel Assembly 

The components of the MLI panels include the reflector and separator layers, 
the inner and outer face sheet, and the fasteners and lacing buttons. The 
materials selected are included in Figure 10-5 (SK 7105 15) and their selection 
is discussed in Section 9. The face sheets consist of a fabric with localized 
areas impregnated with a resin to form load- car rying straps. The straps 
on the inner face sheet are the primary load- car rying components for the 
panel; these straps are continuous and are oriented both parallel and per- 
pendicular to the tank axis. The straps on the outer face sheet of a panel 
serve primarily as a load-transmitting surface for the fasteners and lacing 
buttons and, therefore, need not be continuous. The configurations and 
locations of the straps on both the inner and outer face sheets are shown 
in Figure 10-5. 

Because of the compound curvature of the tank, the reflector sheets used in 
the gore panels are cut as shown in Figure 10-6 (SK 7105 16). When fabrica- 
ting the gore panel on the tooling that is contoured to match the surface of the 
tank, the two ends, formed by removing the wedge-shaped piece, are brought 
together and overlapped one inch at the end. This greatly reduces the 
bulging and rippling along the edge of the sheets due to excess material. The 


336 


FOLDOUT FRAME 


m 


2.00 


TANK SHlLL 



MANHOLE PANEU^ 

FOR MANHOLE ANO C,ORe ?AWtU 
JO\NT *OETMV_ >EE 710S12. 


46 


i~ PVAPjCE ^>Acj 


V 



n v 









EOLDOUT F.rWME 


OU’ER END DOME PANEL 




■M W\R\*JC> 


HALF FLAMGb fcORvEb 
TO Flat m*. 


FILL LIME. 
2.25 DlA. 

FEED L\ME 
2.25 TMA. 


UPGE EXIT LINE 
0 DIA. 


.EStuRE - 


VEl_C.RO VKT v 
MTACWES PEMET RAT\0^ \ / 
PAMtL. To END DOME PAhJCCs/ 
Tnp FOR VMVJtR * OuTtfL. /\ 
ptsMEXS / 




lacing button 


FASTENER — 



N ~®k 

yfc 1 / / 

/ //! / / 

\J-%LL / 

}W/ / / 

«K V / / / 


•4- 

' -h 


♦ - » 








W 


) O 


\ %\ \ 

>®Ax \ 



SECT\ON A -A 


FOLDOUT FRAME \ 



foldout frame 



STRUT INSULATION PANEL- 

TO BE LACED ALONC LON GVTlvL \NA\_ 
E.DCE LVA«v*i<i INSTALLATION 



• 24.0 



m ro 


IU 


FOLDOUT FffAME 


4E.U 

'j LOMCaTwi. 

I^YTALLMHOk) 


ratchet CLAMP 

HOLD N& SHR J\M 
TQ L T R'JT 


-0.2% Tnfc, 2 hole% 

FOR PURGE AND REPRESSURUATICN GAS 


/— "-2>ULAR SHROUD '.AJPPOR UMC r 
I ’NSULA^iOM / 

(FlbERCLASS) / 







r 

T| 

FOLDCUT FRAME -L 





FOLDCUT F8AVJ ^ 


P 






KQLPCUI ERAMB 


VELCRO PATCHES 
1.0 k 1.5 VNT CH QOK 1 T 3 
TO IMVREGWMED EDGE 
STVOT> OF \WUEK FkCt 
5 HF.E. T i . 12 5PA.CIRJG 

1.5 * 2.0 SpL\fE 
PATCFl . 


^ IMPREGNATED AREN 
OF lEUOtR FNCE. VGE.T. 


C ING VARN 


FT L '■ TE.FGLAT. 


.090 ElA HQl_£ ikO TSuTTO*0 Aklf 


.MRREGN ATE.G) KREN OF FACE , C«etU. 


SE AT EVEu£T 



Figure 10 


T 


r 


FOLDOUI F.RAMB 



CR 1 4 



IMNfcK. VArOEL- - SU_,COME FILLER 
OUTIEW. PAVOEU * POUYlNMOt FILLER 


velcr .0 pm ewes 
i.o » i.5 patch bomd 

TO IMPREGNMED EDGE 
STVUP OF iMWEK FACE 
SHEETS. 12 ^PACIRG 
\ . 5 * 2.0 S?L\CE 
PATCH. 




j 


till 


Ml.1 PANEL 

REFLECTOR - DOUBLE GOLDMED VLAVTON - P F RFC RATED 
2S -BO G AGE THICKNESS 
SEPARATOR DaCROvj B4A MET 


. — FASTENER - ASTREL 

(SEE SR 7I05H) 


-c' 2 / 

V 


0.50 


■0-046 01 A . HOLE . ? 

e 5 HOLES/ IN. 2 

PERCENTAGE OF OPEN AREA-C.65 % 


EE SR 710517) 

• GO 

It t o*0 Amo 

F FACE CwetTS. 


PERFORATION PATTERN- 
REFLECTOR 


SE CTION D-D 

SCALE /i 


Figure 10-5. Typical MLI Gore Panel Assembly - LH2 Tank Configuration SK 710515 


341 


t?.KCSDTN( 


rs 

a 


PACE blank NOT FILMEL 


) 


\ 


4 





wedge-shaped piece removed from the reflector is not centered in the sheet, 
see Figure 10-6. This allows a layup wherein the overlap and slit areas on 
alternate reflector sheets are not directly on top of each other. This is 
accomplished by turning over every other sheet during layup of the panel. 

Due to the flexibility and large mesh of the separator net, slitting the 
separator layers in a manner similar to that for the reflectors should not 
be required. 

The joints between adjacent panels are held together with Velcro and lacing 
thread. The Velcro patches are used to hold the inner face sheets together 
and are located one foot or less apart. Velcro pieces, 1 by 15 inches are 
bonded to the edge straps of the inner face sheets of each of the gore panels. 
Velcro pieces, 2 by 1.5 inches, are hooked into the Velcro bonded to the face 
sheets to tie the two adjacent face sheets together. The Velcro is not bonded 
to the tank. The lacing thread is used to hold the outer face sheets of 
adjacent panels together. Two threads are used and are wound around lacing 
buttons in the pattern shown in Figure 10-5. The tie between lacing buttons 
directly opposite each other holds the joint firmly closed. The tie between 
this and the next pair of lacing buttons prevents relative lateral motion 
between panels. The Astrel 360 lacing button is secured to the face-sheet 
strap by a brass eyelet. The dimensions and configuration are shown in 
Figure 10-7 (SK 710517). 

The layers of material in the panel are held together by fasteners to form an 
integral unit. The configuration and dimensions of the Astrel 360 fasteners 
are shown in Figure 10-7. The shank and one of the button ends of the 
fastener are formed in one piece by molding. The button used on the other 
end is punched out of sheet stock. This button is put on the shank after the 
shank has been passed through the layers of reflectors, separators, and face 
sheets and is held in place by a heat-formed head on the end of the shank. 

10. 2 PURGE BAG 

The MLI is protected from condensables during ground hold and reentry by a 
dry inert gas (helium). This gas is contained by a bag which completely 
envelops the MLI on the tank. The bag follows the contour of the tank and 
extends out over the MLI on the tank support struts and the plumbing. The 
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bag for the EH^ tank is fabricated of 6-mil, Teflon-coated Kapton. The bag 
consists of gore-shaped pieces joined by heat sealing, see Figure 10-8 
(SK 710518). A doubler is used at these joints. Doublers and heat sealing 
are also used at the joints in the strut and plumbing areas. 

Zippers are placed in the bag, as shown in Figure 10-8, to facilitate instal- 
lation or removal of the bag. The zippers all extend out through the bag 
attachment and sealing area on the struts and plumbing shroud. This allows 
separation of the bag into three pieces. The method of attachment and seal- 
ing of the bag on the plumbing shroud is shown in Figure 10-3. A Marmon 
clamp is used to hold the bag. Rubber rings are used to provide a seal 
around the zipper and between the bag and clamp and the bag and fiber glass 
support ring. The method of attachment and sealing of the bag on the struts 
is shown in Figure 10-4 and is identical to that on the plumbing shroud. 

10. 3 SYSTEM COMPONENT WEIGHT SUMMARY 

A weight estimate of the components in the recommended M LI system was 
obtained for both the EH^ and EO^ tanks. This included all components 
required for the MLI system except that portion of the vehicle power supply, 
electronic packages, and wiring required to activate the valves for evacuating 
and repressurizing the system. The weights obtained are cur sory estimates 
only, but an attempt was made to include estimates of the weights of hard- 
ware such as bolts, screws, and clamps. For purposes of the weight sum- 
mary, a Velcro patch was defined as a piece on each side of the joint plus 
the splice piece. A summary of the predicted component weights are shown 
in Tables 10-1 and 10-2. A further breakdown of the component weights 
needed for the purge, evacuation, and repressurization system hardware are 
shown in Table 10-3. 

The weights shown in Tables 10-1 through 10-3 point out the areas where 
additional development work could have a significant impact on the total 
system weight. All of these areas (reflectors, separators, face sheets, 
purge bag, and purge and repressurization hardware) have potential for a 
reduction in weight. For example, a significant portion (22 lb) of the 
71 -pound LH^ tank purge bag is due to the zippers. A thorough vendor 
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Table 10-1 

MLI SYSTEM COMPONENT WEIGHT SUMMARY-LH^ TANK 


System Component 

Nurnbe r 

Unit 
Wei ght 
(lb) 

T otal 
Wei ght 
(lb) 

DGK Reflectors 

94 la ye r s 

0. 0022 lb/ft 2 
laye r 

189 

Dacron B4A Separators 

93 layers 

0. 0013 lb/ 
ft 2 layer 

110 

Fasteners 

3055 

2. 44 x 10" 3 
lb/ fastener 

7. 5 

Lacing Buttons 

5983 

1. 74 x 1 5' 4 
lb/ grommet 
and button 

1.0 

Face Sheets 



52. 5 

V lero 

776 patches 

1. 06 x 10~ 3 
lb/in. 2 

2. 5 

Lacing Thread 

3, 000 ft 

1. 72 x 10~ 4 
lb /ft 

0. 4 

Strut Shroud and Hardware 

6 

1. 07 lb /strut 

6. 4 

Plumbing Shroud and Hardware 

1 


3. 5 

MLI Support Ring and Hardware 

2 

1 . 56 lb/ ring 

3. 1 

Foam Blocks (near support rings) 

4 

10 lb/ft 3 

3. 3 

Wiring Pass-Through 

1 


0. 4 

Purge Bag 

1 

. 

71 

Purge and Repressurization 
System Hardware 

See Table 
10-3 

— 

69. 6 

Repressurization Gas 'Helium) 

— 

— 

2. 4 


Total estimated weight of system components = 522.6 lb 

2 

Total estimated weight per area covered = 0. 59 lb/ft . 
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Table 10-2 

MLI SYSTEM COMPONENT WEIGHT SUMMARY— LO,, TANK 


System Component 

Numbe r 

Unit 
Wei ght 
(lb) 

Total 

Weight 

(lb) 

DGK Reflectors 

92 

2. 2 x 10 3 lb/ 
ft^ layer 

80 

Dacron B4A Separators 

91 

1. 3 x 10" 3 lb/ 
ft^ layer 

47 

F a stene r s 

1455 

2. 44 x 10" 3 
lb/fa stene r 

3. 5 

Lacing Buttons 

1483 

1. 74 x 10" 4 
lb/ grommet 
and button 

0. 3 

Face Sheets 



24 

Velcro 

356 patches 

1. 06 x 10" 3 
lb/in. ^ 

1.2 

Lacing Thread 

1, 023 ft 

1. 72 x 10" 4 
lb /ft 

0. 2 

Strut Shroud and Hardware 

6 

1.07 lb/ strut 

6.4 

Plumbing Shroud and Hardware 

1 


3. 5 

MLI Support Ring and Hardware 

2 

1 . 56 lb/ ring 

3. 1 

Foam Blocks (near support rings) 

4 

10 lb/ft 3 

3. 3 

Wiring Pass-Through 

1 


0. 4 

Purge Bag 

1 


38 

Purge and Repressurization 
System Hardware 

See Table 
10-3 

— 

47. 6 

Repressurization Gas (Helium) 

— 

— 

0. 9 


Total estimated weight of system components = 259. 4 lb. 

2 

Total estimated weight per area covered = 0. 67 lb/ft . 
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Table 10-3 

PURGE AND REPRESSURIZATION SYSTEM 
HARDWARE WEIGHT SUMMARY 




Total Weight (lb) 

System Components 

T otal 
Nurnbe r 

LH^ Tank 

LO^ Tank 

Evacuation Butterfly Valves 

(Valve No. 4 , 4, , 4 and 6) 
a b c 

8 

12. 8 

12. 8 

Umbilical Disconnect Valves 
(No’s. 2 and 5) 

2 ❖ ❖ 

1 

1 

Helium Storage Bottle Fill Valve (No. 7) 

1 ❖❖ 

1. 3 

1. 3 

Inlet Line Vent Valve (No. 1) 

1 ❖❖ 

0. 5 

0. 5 

Repressurization Line Valves ( No’s. 3 
and 8) 

2 ❖ ❖ 

1.0 

1. 0 

Helium Storage 

1 ❖❖❖ 

31.2 

11. 7 

Pressure Controller 

1 ❖❖ 

7 

7 

Tubing and Fittings 


10. 3 

7. 8 

Evacuation Valve Support Shrouds 

6 

2. 5 

2. 5 

Marmon Clamps and Sealing Rings 

14, 30 

2 

2 

Total 


69 . 6 

47. 6 


❖See Figure 6-56. 

❖ ❖Common to both tanks, weight evenly divided between tanks. 

❖ ❖❖Common to both tanks, w'eight divided between tanks based on 
ratio of helium used by each tank. 
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survey for zippers was beyond the scope of this study, but it is felt that such 
a survey might identify zippers with a much lower weight. 

The majority of the face-sheet weight is due to the straps. Consequently, a 
reduction in the strap area would have a significant impact on the total weight. 

A consideration of the strap requirements in a more detailed analyses and in 
testing in future studies appears to have potential for a system weight reduction. 

A more detailed study would also be expected to show the total weight for the 
purge and repressurization system hardware to be conservatively high since 
conservative estimates were made of the weights of several of the components. 
For example, the weight of the pressure controller could, depending on the 
control system design selection, be 3 to 4 pounds instead of the 14 pounds 
a s sumed. 

As shown in Tables 10-1 and 10-2, the weights of all of the components add up 

to a sizeable total system weight. However, it should be kept in mind that 

these are large tanks. The surface areas of the LH and LO- tanks are 

approximately 860 and 357 ft respectively. There is, for both tanks, an 

2 

additional 30 ft of surface area which is covered on the struts and plumbing 

2 

shroud. This results in a total weight per area covered of 0. 59 lb/ft for the 

2 

LH^ tank and 0. 67 lb/ft for the LO^ tank. 

10. 4 CONCLUSIONS AND RECOMMENDATIONS 

As a result of the conceptual design configuration study, it was concluded that 
an efficient and reliable MLI system design which lends itself to fabrication 
can be accomplished. Certain details of the design such as the optimum way 
to lay up the MLI layers on the strut panels remain to be considered in the 
future. A further study of the design details in areas such as this, as well 
as full-scale fabrication trials, are recommended. 

The weight summary assembled for both the LH^ and LO^ tanks show that 
even a small percentage weight reduction in several of the component weights 
could have a significant effect in reducing the total weight. Components recom- 
mended for further study with the objective of reducing the weight include: 
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purge bag zippers, face sheets, separators, repressurization control system, 
and the valves for the purge, evacuation, and repressurization system. 
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Section 1 1 

INSPECTION AND REFURBISHMENT PROCEDU RES- TASK 9 

The objectives of Task 9 are to: (1) conduct a preliminary evaluation of 

nondestructive inspection techniques for detecting material degradation within 
an insulation composite; and (2) define procedures for repair of damaged 
areas. 

11. 1 INSPECTION TECHNIQUE EVALUATION 

Because of the reusability requirements of the ILRV, a nondestructive 
inspection technique for assessing the physical condition of the insulation 
while installed on the tank would be of value. Identification and location of 
physical changes and defects within the insulation such as corroded areas, 
compressed areas, or gross tears could be essential to ensure efficient and 
reliable performance of the insulation system. 

Since physical changes and defects within the insulation are usually not 
detectible by visual inspection of the outer surface of the insulation compos- 
ite, techniques using electromagnetic waves to penetrate into and through the 
insulation system were selected for consideration. Infrared, microwave, 
and radio-frequency techniques were considered in this study. This included 
technique evaluation tests on current MLI composites. 

11. 1. 1 Infrared Radiation 

Infrared radiation was considered as a possible technique for inspecting an 
insulation composite, but was eliminated because of the excellent reflectivity 
of the insulation reflector sheets to infrared radiation. Due to this high 
reflectivity, infrared radiation would only be applicable for inspecting the 
outermost reflector sheet of the composite, giving no advantage over visual 
inspection. 
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Consideration was given to the possibility of detecting composite degradation 
by detecting a cold spot on the outer sheet. However, inspection is to be 
accomplished on the ground and this technique would need to be conducted 
while purging since cryogen would be required in the tank. The conductivity 
of the purge gas would be expected to eliminate any localized cold spots on 
the outer sheet. 

11. 1.2 Microwaves 

The use of microwaves as an insulation inspection technique was considered, 
but was also eliminated because of the high reflectivity of the reflector 
sheets. The microwaves would not be expected to penetrate beyond the first 
reflector sheet in the insulation composite. In addition, the microwave 
measurements would have to be made in a carefully controlled antireflection 
chamber and the precision of the apparatus would not be expected to detect 
small amounts of corrosion on the reflector sheets. 

11. 1. 3 Radio- Frequency Techniques 

Radio-frequency techniques appear to be more feasible for an inspection tool 
than the infrared or microwave techniques since the insulation composite will 
be somewhat transparent to electromagnetic waves of low frequencies. For 
example, the penetration depth of 3-MHz radiation into aluminum at room 
temperature is 5. 2 x 10^ Angstroms which is greater than the total thickness 
of aluminum in a typical composite containing 50 to 100 aluminized reflector 
sheets . 

Two radio-frequency techniques were selected for experimental feasibility 
studies. These were a capacitor and an induction coil technique. 

11. 1. 3. 1 Capacitor Technique 

The capacitor technique utilizes the principle of a parallel plate capacitor 
wherein the capacitance is a function of the distance between the plates 
(thickness of the dielectric), cross-sectional area, and the dielectric 
material. These parameters are related in the form C = K' KA/d where 
C is the capacitance; K' is a constant relating the units of capacitance, area, 
and thickness; K is the dielectric constant; A is the cross-sectional area; 
and d is the thickness of the dielectric. 
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The application of the capacitor technique is accomplished by placing the 
insulation composite between capacitor plates connected to a capacitance 
bridge. Since each of the layers of metal becomes a capacitor plate in this 
arrangement, an insulation composite would result in a circuit with numerous 
capacitors in series. For n capacitors in series, the equivalent capacitance 
of the series is given by: 

1 = !_ + J_ + J_ + . . . _L 

C total C 1 C 2 C 3 C n 

Interpretation of inspection data to determine the condition of the insulation 
will require noting changes in the capacitance in a given location and the use 
of calibration curves. Changes in the insulation thickness would result in 
changes in the capacitance because of the change in the dielectric thickness 
of some of the capacitors in the series. Removal of the reflector metal by 
corrosion or a gross tear would change the capacitance because of a reduc- 
tion in plate surface area. Corrosion could also change the dielectric con- 
stant because of the introduction of a metal oxide on the surface of the 
reflector sheets. 

Pilot tests were conducted to determine the feasibility of using a capacitor 
technique to measure insulation thickness on Project Thermo, Contract 
NAS 8-18053 (Reference 21). In this study, the outer capacitor plates were 
formed on the outer reflector sheets by isolating a patch of the reflector 
metal. This was accomplished by removing a narrow circular band of the 
metal, leaving an electrically isolated disk-shaped area. A test apparatus 
was constructed which allowed the insulation thickness to be varied and held 
at a given thickness while a capacitor reading was taken. The data showed 
that repeatable results could be obtained and that reasonable accuracy could 
be expected for insulation when highly compressed. For the specimen con- 
figuration tested, however, the uncertainty of a thickness reading for slightly 
compressed insulation was quite high. This might be alleviated by using 
larger patches for the capacitor plates. Test data from Reference 21 is 
shown in Figure 11-1. 
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Figure 11-1. HPI Thickness Gage 


Two additional problems with the capacitor technique were identified in the 
MSFC/MDAC Project Thermo work; the significant effect of the external field 
on the capacitance, and the need to isolate electrically a patch on each of the 
reflector layers in the composite. In addition, that portion of the sheets 
surrounding the isolated area would probably need to be electrically shorted 
since, although isolated from direct conduction, edge effects could be signifi- 
cant. Because the external field was significant, changes in the positions of 
objects in this field such as repositioning of hardware or the movement of the 
test operator could not be tolerated. The external field problem did not 
eliminate the use of the capacitor technique but does mean that the gage would 
need to be calibrated in its actual inflight physical environment. 


In an actual application as an inspection technique for an insulation system 
on a tank, the Project Thermo insulation thickness gage could only be used 
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as a check of selected localized areas or as an indication of the average 
insulation thickness over all of the tank. In the latter case, the outer capac- 
itor plates would simply be the complete outer and inner reflector layers of 
the insulation composite. 

In the current study, a cursory investigation was made to determine if the 
use of alternating current at a high frequency ( — 13 megacycles) would reduce 
the external field problem. A test specimen of MLI was placed between the 
capacitor plates in a large parallel plate capacitor as shown in Figure 11-2. 
The 5 by 6 in. aluminum capacitor plates were electrically insulated from 
the test specimen and connected to an RX meter with a 15-in. length of 
coaxial cable (RG58C/U). The measured capacitance of the capacitor and 
coaxial cable was 58 picofarads. A small 0. 9-microhenry inductor was 
connected in parallel with the parallel plate capacitor to form a resonant 
circuit. This circuit could be tuned to the preselected working frequency of 
the RX meter by adjusting the input capacitance in the impedance bridge of 
the RX meter. Changes in the capacitance due to variations in the MLI would 
be indicated by changes in the value of the RX meter input capacitance 
required to keep the circuit tuned to the working frequency. 

In the course of several measurements, it was observed that the capacitance 
readings were strongly influenced by the location of the test operator. The 
effects were significant enough to negate the reliability of the data. Since 
the results appeared similar to those obtained in the previous study, further 
evaluation of the capacitor technique was not conducted. 

11. 1. 3. 2 Induction Coil Technique 

The basic procedure involved in the induction coil inspection technique is to 
monitor the impedance of an inductor which has been electromagnetically 
coupled to the MLI by having been placed in close proximity with the MLI 
surface. When this coupling is present, changes in the MLI layer density or 
the resistivity of the metallized coating on the reflector sheets, due to 
corrosion or a tear, will result in changes in the impedance of the coil. 

This technique has an advantage over the capacitance technique discussed 
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previously because it provides a means of inspecting the MLI locally since 
only the insulation in the immediate vicinity of the coil is electromagnetically 
coupled to the coil. Movements of te^t personnel have no observed effects 
on the measurements. In addition, this technique provides a potential 
method for inspection at randomly selected locations since the apparatus is 
all on the exterior of the insulation and need not be fastened to the insulation. 

The impedance (Z) is a complex quantity which can be expressed as 
Z = Rp + iXp where Rp is the equivalent parallel resistance and Xp is the 
equivalent parallel reactance. The equivalent parallel reactance (Xp) of the 
tuned circuit is related to the equivalent parallel capacitance (Cp) by the 
equation Xp = l/(2-n-fCp) where f is the frequency. The changes in the 
impedance of the coil were monitored by using an RX meter to measure the 
equivalent parallel resistance and equivalent parallel capacitance needed to 
keep the coil tuned to a preselected frequency. 

A rirg-shaped induction coil having an outside diameter of 3 in. and an 
inductance of 1 12ph was used. A nonconducting plate was mounted within the 
coil so that the coil assembly, when placed on the surface of the MLI 
uniformly contacted and compressed a 3-in. -diameter area of the MLI. The 
coil was connected to an RX meter (Boonton model 250A) by 13 in. of coax 
cable (RG58C/U) as shown in Figure 11-3. This RX meter develops 0. 1 to 
0. 5 volts across its terminals and is a wide-fx equency- range impedance 
meter designed to permit individual determination of the equivalent parallel 
resistance (Rp) and parallel reactance (Xp) of two terminal networks and 
components. 

In the first, and main, test series, two test specimens of MLI were fabri- 
cated and used. Each specimen contained 36 reflector sheets of double 
aluminized Mylar with each reflector sheet separated by a nylon net. Each 
of the specimens was encased in a nylon sheet envelope to facilitate handling. 
One test specimen contained reflectors which had 10 percent, by area, of the 
reflector metal removed, simulating 10-percent corrosion, and the other 
specimen contained reflectors that had 2 percent of the reflector metal 
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Figure 11-3. Induction Coil Set-up For Corrosion Tests 





removed. The specimens were 10 by 11-1/2 in. with the corrosion confined 
to a 10 by 5 in. portion of the surface area. The corrosion was achieved by 
brushing concentrated NaOH onto the aluminum coating and then blotting the 
NaOH area dry. All the aluminum was removed that was contacted by NaOH. 
The 10 percent corroded area was produced by removing one 1/2-in. -wide 
strip on both sides of each Mylar sheet in the 5-in. wide area. The location 
of the corroded strips or. adjacent reflector sheets was varied throughout the 
panel so that approximately nine sheets of Mylar separated each corroded 
strip from another one directly above or below it. This corrosion pattern 
resulted in an average of 10-percent corrosion throughout the 5 by 10 in. 
surface area of the specimen. The 2 percent corroded area was similarly 
produced. In this case, two 1/4-in. -wide strips were corroded on every 
fifth sheet throughout the thickness of the insulation panel. The location of 
the corroded strips was again staggered throughout the panel. 

Induction Coil Tes ts for Detecting 10-Percent Corrosion 

Measurements were taken to determine the feasibility of detecting 10-percent 
corrosion with the induction coil technique. This was accomplished by 
obtaining data with the coil placed over the 10 percent corroded area of the 
specimen and with the coil placed over the adjacent uncorroded area. Two 
applied pressures of the coil against the MLI were used; 0. 11 lb/in. ^ and 
0. 51 lb/in^. The working frequency used was 2. 5 MHz. 

As expected, the results showed good stability throughout the measurements. 
Movement of the operator or changes in the thickness of the insulation in 
areas away from the immediate vicinity of the coil had no apparent significant 
effect on the measurements. The data (shown in Table 11. 1) indicated that 
10-percent corrosion can be readily detected and that corrosion results in a 
decrease in the parallel capacitance (Cp) and an increase in the parallel 
resistance (Rp). Compression of the specimen results in an increase in Cp 
and a decrease in Rp. 

The trends of the data were as expected. Since the metal coatings on the 
reflector sheets will partially shield the electromagnetic field of the probe 
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Table 11 1 


DETECTION OF 10-PERCENT CORROSION 
BY THE INDUCTION COIL TECHNIQUE 


Applied Pressure 

10 Percent Corroded Area 

Noncorroded Area 


Cp* 

Rp# 

C P 

R p 

0. 11 lb/in. 2 

29. 7 

2. 41 

39. 0 

2.33 


28. 6 

2. 45 

39. 9 

2. 33 


30. 0 

2. 41 

38. 0 

2. 37 


29. 9 

2. 40 

38. 2 

2. 35 


28. 6 

2. 45 




29. 8 

2. 42 




36. 2 

2. 21 



0. 51 lb/in. 2 

35. 0 

2. 24 

44. 6 

2. 21 


36. 1 

2. 23 




Working frequency = 2. 50 MHz 



Capacitance in picofarads 
Resistance in ohms x 10^ 


coil, an increase in the insulation layer density, resulting from compression 
of the composite, should result in a decrease in the inductance. Decreasing 
the inductance requires an increase in the capacitance in order to maintain 
a tuned circuit at the selected frequency since these are related by the 
equation: 2-n-f = 1 / yf LC where f is the frequency, L is the inductance, and 

C is the capacitance. Consequently, as was shown in the data, compression 
of the insulation composite should result in an increase of the capacitance. 

In addition to a decrease in the inductance, the increase in layer density 
should, as shown in the data, cause a decrease in the parallel resistance. 
Since the induction field is more intense near to the coil, the eddy current 
flux set up in the aluminum layers will be increased because of the increase 
in the number of layers near to the coil. 

Corrosion of the reflector metal is expected to produce effects opposite those 
for compression. When the amount of metal in the vicinity of the coil is 
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decreased, there is less conducting material to shield the induction field of 
the coil and in which to create eddy currents. As a result, the presence of 
corrosion should cause the inductance of the coil to increase (decrease in 
parallel capacitance) and approach that of the coil when no MLI is in proxim- 
ity with it. Also, since there are less eddy currents set up due to less con- 
ductor metal in which the currents can exist, the coil should have a higher 
parallel resistance. Both the decrease in capacitance and the increase in 
parallel resistance with increasing corrosion were observed. 

A gross tear would be expected to produce effects, at the location of the tear, 
similar to those resulting from corrosion. As with corrosion, a reduction in 
the number of metallized layers would cause a reduction in the parallel 
capacitance in the tuned circuit. 


Induction Coil Tests for Detecting 2-Percent Corrosion 

Measurements were taken with the induction coil technique to determine the 
feasibility of detecting corrosion as low as 2 percent. The data were obtained 
by the same procedures used in the 10-percent corrosion detection tests 
except that a frequency of Z. 0 MHz instead of Z. 5 MHz was used. 


The data (shown in Table 11-2) indicated that a sufficient change was made 
in the capacitance to allow detection of 2-percent corroison. The trend of a 
decrease in capacitance with the presence of corrosion was as expected from 
the previous test of the 10 percent corroded specimen. No change could be 
detected in the resistance. 







Detection of 2-Percent and 10-Percent Corrosion with Zero Applied Pressure 


Measurements were also taken with the induction coil when the coil was 
suspended above the insulation surface. This provided evaluation of the 
technique for a zero compaction condition. The test procedures and speci- 
mens were those discussed for the previous tests. The test frequency was 
2. 0 MHz. 
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Table 11-2 


DETECTION OF 2-PERCENT CORROSION 
BY THE INDUCTION COIL TECHNIQUE 


Noncorroded Area 

2 Percent Corroded Area 

C * 
P 

V 

C p* 

% 

96. 7 

1. 92 

93. 5 

1. 91 

96. 8 

1. 91 

93. 1 

1. 92 

96. 4 

1. 92 

94. 0 

1. 91 

96. 4 

1. 92 




Working frequency: 2. 0 MHz 

Applied pressure: 0. 11 lb/in. 

*C Capacitance in picofarads 
#Rp Resistance in ohms x 1CH 


2 


The data (shown in Table 11-3) indicated trends consistent with those in the 
previous tests. They also indicated that corrosion as low as 2 percent can be 
detected when the induction coil is positioned so that it is not contacting the 
insulation surface. 

Induction Coil Tests for Detecting Compression 

Extensive measurements were taken to evaluate the capability of the 
induction coil technique for detecting a change in the thickness of the insula- 
tion composite. Measurements were performed on six MLI composites in an 
effort to correlate layer density, for a given applied pressure, with the type 
of separator in the composite. The six composites tested were: (1) Super- 

floe, (2) DAM/dacron net (style B3B), (3) DAM/dacron net (style B4A), 

(4) DAM/nylon net (NN), (5) DAM/Dacron net (style B2A), and (6) DAM/Tissu- 
glas (Tg). The test specimens fabricated for each of the six insulation 
composites were 6 in. square and contained 24 reflector sheets of doubly 
aluminized Mylar (DAM) and 23 separators. 
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Table 11-3 


CORROSION DETECTION BY THE INDUCTION COIL TECHNIQUE 
WITH ZE~0 LOADING OF THE TEST SPECIMEN 


10 

Percent Corroded 

Panel 

2 Percent Corroded Panel 

Corroded Area 

Noncorroded Area 

Corroded Area 

Noncorroded Area 

C * 
P 

V 

S 

®p 

S 

R 

P 

c p 


67. 8 

3. 02 

76. 0 

3. 00 

76. 0 

2. 69 

76. 7 

2. 70 

66. 6 

3. 20 

76. 1 

2. 99 

76. 2 

2. 68 

76. 8 

2. 70 


*Cp Capacitance in picofarads 
#Rp Resistance in ohms x 10^ 
Working frequency 2. 0 MHz 


The experimental setup is shown in Figure 11-4. The coil used was the same 
3-in. -diameter coil used in the previous induction measurements and was 
mounted, as shown, in a platform fixture directly above the RX meter. This 
arrangement allowed varying pressure to be applied to the insulation test 
specimen. It also enabled the induction coil to be connected to the RX meter 
with short leads, which minimized the effects of the connecting cable on the 
impedance of the coil. The operating frequency for the initial series of 
measurements was 2. 50 MHz which provided good penetration of the MLI 
specimen. With the specimen in place on top of the probe coil and the 
RX meter impedance bridge balanced, waving a piece of metal near the insul- 
ation surface and over the coil caused a moderate deflection of the RX meter 
null indicator, indicating penetration of the specimen. 

A set of nonmetallic weights was used to vary the pressure. The weights 
were supported by the entire area of the test specimen. Measurements of 
the Cp and Rp of the circuit, when tuned, were taken for each panel in the 
unloaded condition and after the addition of each weight. 
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Figure 11-4. Induction Coil Set-up For Compression Tests 
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The data (Table 11-4 and Figures 11-5 and 11-6) show consistent trends for 
each of the insulation systems. As expected, the Cp increased with an 
increase in compression and the P decreased. The only exception to this is 

r 

found in the DAM/NN sample where the increases with compression and 
then decreases. This behavior was observed repeatedly with this composite. 


The data indicate that a good calibration curve for interpreting inspection 
data is obtainable. A comparison of Figures 11-5 and 11-6 reveals that the 
use of the C data for such a calibration curve will provide more accuracy 
than the Rp data. It is also important to note that the slopes of the Cp curves 
at low compression conditions are adequate for good accuracy whereas this 
was not the case with the capacitor inspection technique (see Figure 11-1). 

The data in Table 11-4 indicate that the insulation thickness recovers to 
nearly its original condition when the load is removed, Figure 11-7 shows a 
plot of the Cp data for a typical composite. The curves are essentially 
hysteresis loops indicating that elastic properties can be ascribed to the 
insulation. These elastic properties are important for predicting the effects 
of environmental loading on the layer density history and for implementing 
the induction method as an inspection technique. 


Induction Coil Tests for Determining the Effect of Changing the Frequency 

Compression measurements were conducted in which the working frequency 
was changed for each set of measurements in an attempt to determine the 
optimum frequency to be used. The 6-in. square, 24 reflector, DAM/B2A 
specimen was used and was fluffed between measurements. 

The data (Table 11-5 and Figures 11-8 and 11-9) show that the parallel resist- 
ance initially increases and then decreases as the loading is increased for 
frequencies above 3. 0 MHz. The data also show that the range of Cp and 
Rp values decreases as the frequency is increased. For a fixed value of 
inductance of the coil, this behavior indicated that the sensitivity of the 
measurements is decreasing as the frequency is increased. 
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Table 11-4 

COMPRESSION DETECTION WITH THE INDUCTION COIL TECHNIQUE 




OJ 

<n 

oo 


Incremental 

Applied 




HPI Test Specimens 

Applied 

SUPERFLOC 

DAM/B3B 

DAM/B4A 

DAM/NN 

DAM/B2A 

DAM/Tisaugla* 

Weight 

(grams) 

Pressure 

(lb/in. 2 ) 

C P* 

R p # 

C P* 

Rp# 

C P* 

Rp* 

C P* 

R p # 

V 

Rp # 

c p* 

Rp# 

0.0 


0 


39. 0 

3. 62 

55. 5 

3. 30 

51.6 

3. 35 

48. 0 

3. 06 

57. 5 

3. 12 

58. 0 

3.20 

10.6 

6. 50 

X 

10' 4 

41.7 

3.59 

56. 3 

3. 30 

52. 9 

3. 36 

48. 7 

3. 07 

57.7 

3. 13 

60. 5 

3.21 

17.0 

1.69 

X 

10" 3 

44. 9 

3. 58 

58. 1 

3. 24 

55. 3 

3. 35 

50. 1 

3. 08 

58. 8 

3. 10 

63. 2 

3. 18 

17.0 

2. 73 

X 

10- 3 

46.7 

3. 57 

59. 1 

3. 20 

56. 8 

3. 34 

50.9 

3. 09 

59. 6 

3. 09 

64. 8 

3. 13 

45.4 

5.51 

X 

10- 3 

49. 8 

3.50 

60. 1 

3. 18 

58. 8 

3. 31 

52. 6 

3. 10 

60. 3 

3. 06 

66. 8 

3. 07 

93 

1. 12 

X 

10- 2 

53. 4 

3.41 

61.4 

3. 15 

61. 2 

3. 30 

54. 8 

3. 10 

61. 3 

3. 03 

68. 4 

2. 99 

96 

1. 71 

X 

10' 2 

55. 8 

3. 34 

62. 1 

3. 13 

63. 0 

3. 29 

55.7 

3. 10 

61.9 

3. 00 

69. 4 

2. 94 

99 

2. 31 

X 

10" 2 

57.3 

3. 28 

62.6 

3. 1 1 

64. 3 

3. 27 

56. 3 

3. 10 

62. 3 

2. 99 

70. 1 

2. 91 

150 

3. 13 

X 

10' 2 

59. 1 

3. 19 

63. 3 

3. 10 

65. 6 

3. 24 

57. 0 

3. 10 

62. 6 

2. 97 

71. 0 

2. 88 

153 

4. 16 

X 

10' 2 

60. 3 

3. 12 

63.7 

3. 00 

66. 9 

3.20 

57. 5 

3. 09 

63. 1 

2. 95 

71. 5 

2. 84 

154 

5. 10 

X 

10' 2 

61. 4 

3. 07 

64. 3 

3. 07 

67.7 

3. 18 

57. 8 

3. 09 

63. 3 

2.93 

71. 8 

2. 80 

150 

6. 03 

X 

io- 2 

62. 4 

3. 00 

64. 8 

3. 05 

68. 3 

3. 15 

58. 1 

3. 08 

63,6 

2. 91 

72. 2 

2.79 

300 

7. 86 

X 

io- 2 

64. 4 

2. 89 

65. 3 

3. 02 

69. 3 

3. 10 

58. 4 

3. 07 

63. 9 

2. 90 

72. 8 

2. 75 

300 

9. 70 

X 

io* 2 

65.9 

2.79 

65. 9 

3. 00 

70. 1 

3. 07 

58. 8 

3. 05 

64. 1 

2. 87 

73. 2 

2.71 

300 

1. 16 

X 

IO' 1 

67. 3 

2.70 

66. 5 

2. 96 

70. 6 

3. 03 

59.2 

3. 04 

64. 5 

2. 86 

73.6 

2. 69 

450 

1. 43 

X 

10' 1 

68. 7 

2. 61 

67. 0 

2. 93 

71.5 

2. 99 

59. 4 

3. 03 

64. 7 

2. 83 

74. 0 

2. 65 

450 

1.70 

X 

IO' 1 

70. 0 

2.52 

67. 3 

2. 90 

72.3 

2. 95 

59. 8 

3. 00 

64. 9 

2. 80 

74. 5 

2. 62 

470 

1. 99 

X 

10* 1 

70.9 

2. 45 

67. 9 

2.89 

72. 8 

2. 92 

60. 1 

2. 99 

65. 2 

2. 79 

74. 7 

2. 60 

-470 

1.70 

X 

10' 1 

70.9 

2. 46 

67. 8 

2. 90 

72.6 

2. 93 

60. 0 

3. 00 

64. 9 

2. 79 

74. 6 

2. 60 

-450 

1.43 

X 

10' 1 

70.7 

2. 47 

67. 3 

2. 90 

72. 2 

2. 95 

59. 6 

3. 00 

64. 9 

2. 80 

74. 5 

2.61 

-450 

1. 16 

X 

10* 1 

70. 2 

2. 50 

66. 9 

2. 92 

71.7 

2. 97 

59. 4 

3.01 

64. 6 

2. 80 

74. 2 

2. 63 

-300 

9.70 

X 

IO' 2 

69. 9 

2. 53 

66.6 

2. 93 

71. 3 

2. 99 

59. 1 

3. 02 

64. 4 

2. 82 

73. 8 

2. 66 

-300 

7. 86 

X 

10* 2 

69. 4 

2. 57 

66. 2 

2. 95 

70. 8 

3.01 

58. 9 

3. 03 

64. 1 

2. 84 

73.5 

2. 67 

-300 

6. 03 

X 

IO' 2 

68. 6 

2.61 

65. 5 

2. 97 

69. 9 

3.05 

58. 5 

3. 05 

63. 9 

2. 85 

73. 3 

2.69 

-150 

5. 10 

X 

IO' 2 

68. 1 

2.65 

65.2 

2. 99 

69.5 

3. 08 

58. 1 

3. 05 

63.6 

2. 87 

72. 9 

2.71 

-154 

4. 16 

X 

IO' 2 

67. 4 

2.70 

bb. 1 

3. 00 

68. 9 

3. 10 

57. 9 

3. 06 

63.5 

2. 88 

72.6 

2. 73 

-153 

3. 13 

X 

IO' 2 

66. 5 

2.75 

64. 5 

3. 00 

68. 1 

3. 11 

57.5 

3. 06 

63. 2 

2. 90 

72. 3 

2.75 

-150 

2. 31 

X 

10' 2 

65.0 

2. 82 

63. 8 

3. 03 

67. 1 

3. 15 

57. 1 

3. 07 

62. 9 

2.92 

71. 7 

2. 78 

-99 

1. 71 

X 

10* 2 

63.6 

2. 90 

63.4 

3. 05 

65. 9 

3. 18 

56. 8 

3. 08 

62. 5 

2. 93 

71. 0 

2. 81 

-96 

1. 12 

X 

IO' 2 

61.6 

3. 00 

62.6 

3. 07 

63. 9 

3. 20 

56. 0 

3. 09 

61.9 

2. 95 

’ . 5 

2. 85 

-93 

5. 51 

X 

10' 3 

58. 4 

3. 13 

61.6 

3. 09 

62. 1 

3. 22 

54. 8 

3.09 

61. 4 

2. 97 

69. 2 

2. 90 

-45 

2. 73 

X 

IO' 3 

54. 8 

3.25 

60. 4 

3. 10 

59. 8 

3. 24 

53. 3 

3. 09 

60. 5 

3. 00 

67. 7 

2.95 

-17 

1.69 

X 

10' 3 

52.3 

3. 30 

59.8 

3. 12 

58. 5 

3. 25 

52. 0 

3. 08 

60. 0 

3.01 

66.6 

2. 99 

-17 

6.50 

X 

10' 4 

48. 2 

3. 48 

58. 0 

3. 15 

56. 1 

3. 25 

50. 5 

3. 06 

58. 6 

3.03 

63. 7 

3.05 

-10. 6 


0 


42.5 

3. 49 

56. 9 

3. 16 

53. 8 

3.25 

49. 1 

3. 03 

57.9 

3.04 

61. 0 

3. 06 


Working Frequency = 2. 50 mHz. 

* C_ Capacitance in picofarads. 

^ 3 

« R _ Resistance in ohms x 10 . 

i 
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Table 11-5 




COMPRESSION MEASUREMENTS ON DAM/B2A MLI AT SEVERAL FREQUENCIES — 

INDUCTION COIL TECHNIQUE 


Inc remental 
Appl ied 
Weight 
(g rams ) 

Applied 
Pressure 
(lb/in. 2) 

3. 0 
C 

P 

mHz 

.*» %•* 

F re quency 

4. 0 mHz 

C R 

P P 

5. 0 mHz 
C 

P 

R 

P 

0 

0 

2 5. 8 

3. 62 

-5.9 ## 

4. 71 

-21. 5 ## 

5. 50 

10. 6 

6. 50 x 10- 4 

26. 2 

3. 63 

-5. 6 

4. 75 

-21. 4 

5. 52 

3 J . 0 

2. 73 x 10- 3 

27. 5 

3. 60 

-4. 7 

4. 80 

-21. 0 

5. 60 

138. 4 

1. 12 • 10-2 

28. 7 

3. 59 

-4. 1 

4. 80 

-20. 6 

5. 65 

345 

3. 13 x 10-2 

29. 6 

3. 55 

-3. 7 

4. 80 

-20. 4 

5. 70 

457 

6. 03 x 10-2 

30. 0 

3. 51 

-3. 5 

4. 79 

-20. 3 

5. 70 

900 

1. 16 x 10- 1 

30. 4 

3. 46 

-3. 3 

4. 73 

-20. 3 

5. 68 

900 

1. 70 x 10- 1 

30. 7 

3. 42 

-3. 3 

4. 71 

-20. 4 

5. 6 5 

470 

1. 99 x 10- 1 

30. 8 

3. 40 

-3. 2 

4. 70 

-20. 5 

5. 63 


Specimen: 6x6 inch panel, 24 DAM reflectors, 23 B2A net separators 

The test panel was refluffed between each set of compression measurements. 

##The minus sign in front of the capacitance values corresponds to decreasing the internal capacitance 
of the input leg of ihe RX-meter impedance bridge past its zero-point to tune the induction coil to the 
working frequency. 

' C D Capacitance in picofarads 
#Rp Resistance in ohms x 10 3 



t 











Induction Coil Tests to Determine Data Repeatability 

Two sets of measurements were obtained to assess the repeatability of the 
compression measurements. Each set of measurements was obtained on a 
different day and on days different than those on which the previously dis- 
cussed data was obtained. The first set of measurements was made prior to 
the tests for determining the effect of changing the frequency. The second 
set of measurements was made after the effect-of-frequency tests. 

The 6-in. square, 24 reflector sheets, specimens of the DAM/NN and DAM/ 
B2A composites were used for the first set of tests. The frequency setting 
of 2. 50 MHz had not been changed since the previous tests. Typical test 
results are shown in Figure 11-10. Further results are presented in 
Section 7 of Reference 22. The previously obtained results (Table 11-4) are 
also shown to allow comparisons. Agreement with the previous results are 
good. 

The 6 in. square, 24 reflector sheets, specimens of the DAM/B2A and 
DAM/tissuglas composites were used for the second set of tests. Typical 
test results are shown in Figure 11-11. Further results are presented in 
Section 7 of Reference 22. As shown, the agreement with the previously 
obtained data is not as good after a resetting of the frequency. It appears 
that the discrepancies may have been caused by operating at a slightly differ- 
ent frequency than that used in the original measurements. In future testing 
or in an actual inspection application, the frequency could be reset more 
accurately by using auxiliary instrumentation. Another possibility is to pre- 
align the test apparatus before each series of measurements by using a 
standard test specimen. 

Applicability of Induction Coil Technique to DGK/Dacron B4A Composite 

The testing with the induction coil technique reported previously in this sec- 
tion was accomplished prior to the selection of the MLI composite in Task 7. 
Consequently, after selection of the DGK/Dacron B4A composite in Task 7 
(see Section 9), compression detection tests on DGK/Dacron B4A were 
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After Frequency Reset 


Load (pai) 

Figure 11 - 11 . Repeatability of Cp vs Load - DAM/B2A With Frequency Reset 






conducted using the induction coil technique. The objective of these tests 
was to verify the applicability of the induction coil technique for the DGK/ 
Dacron B4A composite as well as those previously tested. 

The test specimen was 6 in. square and contained 24 reflector sheets and 
23 separator layers. This configuration is identical to that used in the 
previous tests. The test setup, procedure, and apparatus were identical to 
that used in the previous tests with two exceptions. The RX meter used was 
not the same instrument. It was, however, the same model (Boonton 250A) 
as the instrument used previously. The other exception was that the fre- 
quency was more precisely set for the DGK/Dacron B4A composite. The 
frequency for the previous tests was 2. 50 ± 0.0125 MHz, whereas the fre- 
quency for the DGK/Dacron B4A composite was 2. 5000 ± 0. 0002 MHz. The 
effect of these two differences between the previous and recent tests should 
not be a significant factor in a comparison of the test results. 

The test results for the DGK/Dacron B4A specimen are included in 
Figures 11-5 and 11-6. Tabular data are shown in Table 11-6. The mag- 
nitudes of the Cp and Rp values are similar to those obtained for the other 
composites tested previously with the C values being nearly identical with 
the highest values obtained previously and the Rp values being somewhat 
lower. Data were obtained while both adding and removing the weights, as 
shown in Table 11-6. As anticipated, the Cp values obtained while removing 
the weights are slightly higher and the Rp values are slightly lower. This is 
due to the fact that the panel has not returned to its original thickness when 
the weights are removed. 

Of particular interest is the slope of the curve since the Rp curves for 
this specimen as well as those previously tested have slopes which are less 
than that of the Cp data and would, therefore, be less desirable for accurate 
interpretation of inspection data. The C curve has a slope which is similar 
to those obtained previously. 
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Table 11-6 

COMPRESSION DETECTION IN DGK/ DACRON B4A WITH INDUCTION COIL TECHNIQUE 


Incremental Applied Weight 
(grams) 

Applied Pressure 

(lb/in.2) 

C * 
P 

R # 
P 

Incremental Weight Removed 
(grams) 

Applied Pressure 
(lb/in. 2 ) 

C * 
P 

R # 
P 

0 

0. 0 

62. 0 

2.60 

0 

1. 91 x 10’ 1 

75. 7 

2.63 

10.6 

6. 5 x 10 ^ 

62. 8 

2.62 

-343 

1. 70 x 10 _1 

75. 5 

2. 63 

17 

1.65 x 10" 3 

64. 1 

2.63 

-450 

1. 43 x 10" 1 

75. 2 

2. 63 

17 

2. 73 x 10' 3 

65. 0 

2.64 

-450 

1. 16 x 10' 1 

74. 9 

2. 64 

45 

5. 5 x 10' 3 

66. 6 

2.65 

-300 

9. 7 x 10' 2 

74. 5 

2.64 

93 

1. 12 x 10' 2 

68. 4 

2.66 

-300 

7. 86 x 10* 2 

74. 1 

2. 65 

96 

1.71 x 10" 2 

69. 3 

2.67 

-300 

6. 03 x 10" 2 

73. 6 

2. 65 

99 

2. 31 x 10' 2 

70. 0 

2.67 

-150 

5. 1 x 10' 2 

73. 3 

2.66 

150 

3. 13 x 10‘ 2 

71. 0 

• 2. 68 

-154 

4. 16 x 10‘ 2 

72. 8 

2. 66 

153 

4. 16 x 10' 2 

71. 6 

2.69 

-153 

3. 13 x 10' 2 

72. 2 

2.67 

154 

5. lxlO' 2 

72. 2 

2. 68 

-150 

2. 31 x 10' 2 

71. 4 

2. 66 

150 

6. 03 x 10' 2 

72. 7 

2.68 

-99 

1. 71 x 10‘ 2 

70. 7 

2. 66 

300 

7. 86 x 10' 2 

73. 3 

2.67 

-96 

1. 12 x 10' 2 

69. 7 

2.65 

300 

9. 7 x 10* 2 

73. 9 

2.67 

-93 

5. 5 x 10‘ 2 

68. 2 

2.64 

300 

1. 16 x 10' 1 

74. 2 

2. 66 

-45 

2. 73 x 10‘ 2 

66. 8 

2. 63 

450 

1.43 x 10’ 1 

74. 9 

2. 65 

-17 

1. 65 x 10' 2 

65. 9 

2. 62 

450 

1. 70 x 10 _1 

75. 3 

2.64 

-17 

6. 5 x 10' 2 

64. 4 

2.61 

343 

1. 91 x 10' 1 

75. 6 

2.63 

-10. 6 

0. 0 

63. 1 

2. 58 

: rC —Capacitance in picofarads 

3 

#R —Resistance in ohms x 10 
P 



Frequency at start of test = 2. 500201 MHz 
Frequency at end of test = 2. 500159 MHz 





11, 1. 3. 3 Eddy Current Technique 

Eddy current and induction coil techniques are very similar. However, eddy 
current testing instrument readout is in terms of units whose significance is 
determined by comparison with measurements on a material standard speci- 
men. The RX meter induction coil technique was chosen for feasibility 
studies because the RX meter impedance measurements are more fundamen- 
tal electrical quantities. 

11. 1.4 Conclusions and Recommendations — Inspection Technique Evaluation 
11. 1.4. 1 Conclusions 

The evaluation of four techniques for nondestructive testing of MLI resulted 
in the following conclusions: 

A. The infrared and microwave techniques can be eliminated as poten- 
tial inspection techniques because of the high reflectivity of the MLI 
reflector sheets to these wavelengths. 

B. The capacitor inspection technique is limited in use to a check on 
preselected localized areas or as an average indication of the insu- 
lation thicknes s. over all of the tank. 

C. The induction coil technique appears feasible for providing a reli- 
able and sufficiently accurate method for nondestructive inspection 
of MLI. This inspection can be accomplished at randomly selected 
locations. Corrosion as low as 2 percent, as well as compression 
of the insulation, can be detected. 

D. An indication of the elasticity properties of an MLI composite can 
be determined with the induction coil technique. 

E. Repeatability of data can be expected if the working frequency of 
the RX meter is accurately reset for each series of tests, 

F. The induction coil technique is applicable for use with the DGK/ 
Dacron B4A composite selected in Task 7. 
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11. 1. 4. 2 Recommendations 

The promising results obtained with the induction coil technique show that 
further evaluation and development, beyond the scope of this study, should 
be accomplished for this technique. These future evaluation and development 
studies should include: 

A. Delineation of the interaction of the induction coil response with the 
insulation condition in order to allow accurate interpretation of 
inspection data. 

B. Definition of apparatus configuration for full-scale operation. 

C. Definition of techniques for accurate relative positioning of the coil 
and MLI. 

D. Determination of the optimum frequencies to be used with a given 
number of layers in the insulation composite. 

E. Proof testing of full-scale apparatus and procedures. 

11. 2 REPAIR OF DAMAGED AREAS 

The design concept for installation of the MLI is based upon the use of pre- 
fabricated panels which are fastened together at the edges to completely 
envelop the tank, see Section 10. The panels are fastened together with 
Velcro and lacing thread. Consequently, replacement of an entire panel can 
be readily accomplished with this design. Unless the damage is very minor, 
it is anticipated that damaged insulation would be refurbished by simply 
replacing the entire panel containing the damaged material. Minor damage 
such as a tear in an outer reflector sheet can be repaired with tape. 
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Section 12 

SPECIFICATIONS -TASK 10 

The objective of Task 10 was to prepare preliminary specifications for the 
selected MLI composite. The preliminary specifications shown herein 
include material specifications for the DGK reflectors and Dacron B4A net 
separators, a fabrication specification for the MLI panels, and an applica- 
tion specification for the panels. 

No preliminary specifications were prepared for the purge bag. The purge 
bag design is shown in Section 10 and has two primary installation 
constraints: 

A. The MLI shall not be damaged (compressed, ripped, or torn) or 
contaminated (oil, grease, fingerprints) during bag installation. 

B, The bag shall be installed in a manner which ensures that the 
maximum leak rate specified on a final design drawing is not 
exceeded. 

The material specification for the DGK reflector material specifies a 
maximum emittance for the gold surfaces of 0. 02 5. This is consistent with 
the current specifications from the vendor which indicate that they will 
certify to a 0. 02 5 maximum emittance. However, it should be noted that the 
emittance values obtained in this contract for DGK were somewhat higher 
than 0. 025 (see Table 3-16), Further emissivity studies of the latest DGK 
material will be required before writing a final specification for the DGK 
material. 
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PROCUREMENT REQUIREMENTS 
FOR 

FILM, POLYIMIDE, GOLD METALIZED 

1. 0 SCOPE 

This document defines the procurement requirements for polyimide film with 
a vacuum-deposited coating of gold to be used as a multilayer insulation 
material. 

2. 0 MATERIAL REQUIREMENTS 
2. 1 Composition 

The material shall consist of polyimide film with a vacuum-deposited gold 
coating on both surfaces. 

2. 2 Form 

The material shall be supplied as a continuous film wound on hollow fiber- 
board cores of the dimension specified in the purchase order or contract. 

2. 3 Dimensions 

2. 3. 1 Thicknes_s — The thickness of the film shall be 0. 0003 ± 0. 00003 inch. 

2. 3. 2 Width — The width of the material shall be within ± 0. 50 inch of the 
width specified in the purchase order or contract. 

2. 3. 3 Length — Unless otherwise specified in the purchase order, the length 
of the material supplied shall be within 5 percent of the total specified with 
each core containing a minimum continuous length of 100 feet and no more 
than 10 pounds of material. 


385 


2. 4 Properties 


2. 4. 1 Emittance — Both gold surfaces of the film shall have a maximum 
emittance at any point of 0. 025. 

2. 4. 2 Weight — The weight of the material shall be 0. 0022 ± 0. 0002 lb/ft^, 

2. 4. 3 Coating Adhesion — Transfer of the gold coating from the material 
shall be confined to scattered spots with a combined area not exceeding 
1 percent of the total area tested. 

2. 5 Product Marking 

The inside of the core of each roll shall be legibly and durably identified 
near the ends with the manufacturer’s name and designation, lot number, and 
total quantity on the roll. 

2.6 Workmanship 

The material shall be uniform in quality and condition; shall be evenly wound 
on the cores, shall be free of oil, grease, fingerprints, dirt, wrinkles or 
other foreign materials; and shall be free of tears, holes, voids in the gold 
coating, edge distortion, or other defects. 

3. 0 QUALITY ASSURANCE REQUIREMENTS 


3. 1 Responsibility 

The supplier shall be responsible for the performance of all inspection and 
testing to demonstrate conformance to the material requirements specified 
herein. The supplier may utilize his own or any other facilities and 
services acceptable to the procuring activity. Records of the examination 
and tests shall be kept complete and available to the procuring activity. The 
procuring activity reserves the right to perform any inspections deemed 
necessary to assure that material conforms to the prescribed requirements. 
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3. 2 Lot 

For purposes of sampling, inspection and tests, a lot shall consist of 
material manufactured at one time and offered for acceptance at one time. 

3. 3 Sampling 

3. 3. 1 Sampling Locations — Samples shall be taken at least 2 feet from the 
roll end and a minimum of 2 inches in from the sides. 

3. 3. 2 Sampling Frequency— Each roll shall be sampled. 

3. 4 Quality Assurance Tests 


3. 4. 1 Scope — The tests described below and any additional examinations and 
tests necessary to demonstrate conformance of the product to the material 
requirements of Section 2 shall be performed. 

3. 4. 2 Emittance Tests — The emittance of both surfaces of five specimens 
shall be tested using a Lion Emissometer Model 25B, or equivalent. Tests 
shall be conducted at 21° to 32°C (70° to 90°F). The low emittance standard 
shall be 0. 025. The instrument shall be calibrated immediately before each 
test. The calibration standards and the test specimen shall be at the same 
temperature. The temperatures shall be equalized by placing the specimen 
and the calibration standards on adjacent areas of the same surface of a 
block of aluminum or copper of minimum thickness of 0. 50 inch and of 
minimum length and width of 4. 00 inches. The specimen and standards shall 
be in contact with the block for a minimum of 5 minutes prior to calibration 
and shall remain in contact with the block during calibration and test. The 
emittance of each specimen shall conform to the requirements of Section 2. 

3. 4. 3 Coating Adhesion Tests — Five specimens shall be tested. The test 
procedure shall consist of the application and removal of a piece of high- 
tack, pressure- sensitive tape on each side of each specimen. The tape 
shall be Scotch No. 250 or equivalent, 0.50 ± 0. 12 inch wide, cut into strips 

4. 00 ± 0. 12 inches long. Except for a pull tab, 0. 50 ± 0. 12 inch long on one 
end, each tape strip shall be applied with a 0. 9 ± 0. 1 lb roller. The tape 


shall be removed 5 to 10 minutes after application by grasping the pull tab 
and pulling at a uniform rate. The pull shall be parallel to the surface of 
the specimen and shall result in a peeling force on the bond between the tape 
and specimen surface. Tape removal shall require 3 to 5 seconds. The 
surface of the tape and the area from which it was removed shall be visually 
examined for evidence of transfer of gold to the tape. For each specimen, 
the results of this examination shall conform to the requirements of Section 2. 

4. 0 PACKAGING REQUIREMENTS 

4. 1 Preservation and Packaging 

The material shall be preserved and packaged in a manner that will afford 
adequate protection against corrosion, deterioration, and physical damage 
during shipment from supply sources to first receiving activity. Each roll 
shall be supported within the unit container so that no sections of the 
material will be flattened or damaged. 

4. 2 Packing 

Material shall be packed to assure acceptance by common carrier at the 
lowest freight rates and safe delivery from supply source to first receiving 
activity. 

4. 3 Marking 

All containers shall be marked in accordance with applicable state and 
federal shipping containers shall be legibly and durably marked with the 
order number, manufactuer* s name and designation, lot number, quantity of 
material, and special marking, "WARNING -OPTICAL SURFACES -DO NOT 
CONTAMINATE". 

5. 0 NOTES 

5. 1 Intended Use 

The material covered by this document is primarily intended for use as a 
multilayer insulation composite component for space vehicles. 
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5. 2 Lion Emissometer Model 25B 

This equipment may be obtained from Lion Research Corporation, 

32 Potter Street, Cambridge, Massachusetts 02142. 

5.3 Scotch No. 250 Pressure Sensitive Tape 

This material may be obtained from Minnesota Mining and Manufactur 
ing Company, 2501 Hudson Road, St. Paul, Minnesota 55119. 


PRECEDING page 


blank not filmed 


PROCUREMENT REQUIREMENTS 
FOR 

NET, POLYESTER, RESINLESS FINISH 

1.0 SCOPE 

This document defines the procurement requirements for a heat- set, 
polyester net material to be used as a multilayer insulation composite 
separator. 

2. 0 MATERIAL REQUIREMENTS 
2. 1 Composition 

The material shall consist of 100 percent polyester (Dacron) net. 

2. 2 Form 

The material shall be supplied as a continuous net fabric wound on hollow 
fiberboard cores of the dimension specified in the purchase order or 
contract. 

2. 3 Dimensions 

2. 3. 1 Width — The width of the material shall be within ± 1. 0 inch of the 
width specified on the purchase order or contract. 

2. 3. 2 Length — Unless otherwise specified in the purchase order, the length 
of the material supplied shall be within ten percent of the total specified with 
each core containing a minimum continuous length of at least 130 lineal feet 
and no more than 10 pounds of material. 


391 


2. 4 Physical Properties 

The net shall meet the following requirements: 


Property 

Required Value 

Weight (oz/yard^) 

0. 1622 to 0. 2085 

Thickness (in. ) 

0. 0058 to 0. 0069 

Mesh Count 

5. 2 x 8. 2 minimum 

6. 2 x 9. 5 maximum 

2 

Meshes / in. 

43 to 59 

Yarn size (denier) 

40 

2 

Burst strength (lb /in. ) 

10 minimum 


2. 5 Finish 

The material shall be scoured and heat set with a resinless finish to a 
stiffness of 3-5/32 ± 8/32 inches in the warp direction and 3 ± 11/32 inches 
in the fill direction. 

2. 6 Outgassing Characteristics 

Weight loss by outgassing shall be less than 0. 06 percent in 0. 5 hour at 
25 ± 4°C (77 ± 7°F) and 5 x 10~ 6 torr. 


2. 7 Product Marking 

The inside of the core of each roll shall be durably identified near one end 
with the manufacturer’s name and designation, lot number, width, and total 
length of the roll. 

2. 8 Uniformity 

The material shall be uniform in quality and appearance with no creases, 
folds, tears, apparent foreign matter, or visible edge distortion. 


3. 0 QUALITY ASSURANCE PROVISIONS 


3. 1 Responsibility 

The supplier shall be responsible for the performance of all inspections and 
testing to demonstrate conformance to the material requirements specified 
herein. The supplier may utilize his own or any other facilities and 
services acceptable to the procuring activity. Records of the examination 
and tests shall be kept complete and available to the procuring activity. The 
procuring activity reserves the right to perform any inspection deemed 
necessary to assure that material conforms to the prescribed requirements. 

3. 2 Lot 

For sampling purposes, lot shall consist of each 4, 000 linear yards, or 
fraction thereof, of net produced at one time and submitted for acceptance 
at one time. 

3. 3 Sampling 

Each lot of material shall be sampled. 

3. 4 Quality Assurance Tests 

3.4. 1 Scope — The tests described below and any additional examinations and 
tests necessary to demonstrate conformance of the product to the material 
requirements of Section 2 shall be performed. 


3. 4. 2 Physical Properties — Tests defined below shall be performed to 
determine conformance to Paragraph 1. 3. 


Property 

Test Method 

W eight 

ASTMD231 

Thickness 

ASTM D1777 


2 

Using a 1-in, presser foot weighted 
to apply an anvil pressure of 0. 5 psi. 

Mesh count 

ASTMD231 

Meshes /in. 

Paragraph 2. 2. 2 

Yarn size 

Paragraph 2, 2. 3 

Burst strength 

CCT 19 IB 

Finish 

Paragraph 2. 2. 4 


2 

3. 4. 3 Meshes/In. —The number of meshes per square inch in both the warp 
and the fill directions shall be measured per ASTM D231. 

3. 4. 4 Yarn Diameter — The yarn diameter shall be determined by 
Method 4020 of Federal Test Method Standard 191. 

3. 4. 5 Finish 

3. 4. 5. 1 Stiffness — The stiffness shall be determined by Method 5200 of 
Federal Test Method Standard 191. 

3. 4. 5. 2 Outgas sing — Outgas sing shall be measured in accordance with the 
standard procedure which shall be furnished to the supplier. 

3. 4. 6 Width — The width of the material shall be measured in accordance with 
Method 5020 of Federal Test Method Standard 191. 

3. 4. 7 Length — The length of the materials shall be measured in accordance 
with Method 5010 of Federal Test Method Standard 191. The weight of the 
roll shall be measured to the nearest 1. 0 pound. 

3. 4. 8 Examination — The material shall be examined visually to determine 
conformance to paragraphs 2. 2, 2. 7 and 2. 8. 

4. 0 PACKAGING REQUIREMENTS 
4. 1 Preservation and Packaging 

The materials shall be preserved and packaged in a manner that will afford 
adequate protection against deterioration, contamination, and physical 
damage during shipment from supply source to the first receiving activity. 

4, 2 Packing 

Packages that require overpacking for acceptance by common carrier shall 
be packed in uniform quantities in a manner to assure carrier acceptance 
at the lowest freight rates, and to assure safe delivery from supply source to 
the first receiving activity. 


4. 3 Marking 

Unit, intermediate, and shipping containers shall be durably and legibly 
marked with the order number, manufacturer’s name and designation, lot 
number, quantity of material, and special marking, "WARNING — DO NOT 
CONTAMINATE". 

5. 0 NOTES 

5. 1 Intended Use 

The material covered by this document is primarily intended for use as a 
separator in multilayer insulation composites for space vehicles. 
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PROCESS REQUIREMENTS 
FOR 

FABRICATION OF MULTILAYER INSULATION PANELS 

1. 0 SCOPE 

This document defines the process requirements for the fabrication of 
radiative barrier type, multilayer insulation panels. 

2. 0 PROCESS REQUIREMENTS 
2. 1 Environmental Requirements 

All operations related to fabrication shall be performed in an enclosed 
controlled environment area. Incoming air shall be filtered through filters 
with an 85 percent or greater efficiency (National Bureau of Standards 
atmospheric dust spot rating). The air system in the enclosed area shall be 
designed to provide a positive air pressure and to minimize air turbulence 
at the working level. The temperature and relative humidity in the enclosed 
area shall be maintained at 21 ± 3°C (70 ± 5°F) and 50 ± 10 percent, 
respectively. Work surfaces, tools, and clothing shall be maintained free of 
contact contamination. 

2. 2 Materials 

The materials shall be as specified on the design drawing. 

2. 3 Thickness Uniformity 

The minimum insulation thickness shall be as specified on the design drawing. 
2. 4 Thickness Control 

Fabrication shall be accomplished in a manner which assures that the 
minimum thickness is as specified on the design drawing. 
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2. 5 Penetrations and Fasteners 

Unless otherwise specified on the design drawing, all penetrations and 
fasteners shall be perpendicular to the composite layers upon installation. 

2. 6 Tension and Compression Loads 

The materials shall not be subjected to tension or compression loads which 
permanently alter the stacking configuration of the panel. 

2. 7 Reflectance 

The fabrication of the insulation shall be performed in a manner which pre- 
serves the reflectance of each film surface within specified tolerance for 
the films. 

2. 8 Workmanship 

The insulation shall be free of rips, tears, cuts, oil, grease, dirt, finger- 
prints, or other foreign material which are deleterious to appearance or 
function. Cut edges shall be free of slivers or chaff. Plies shall be 
separated at cut edges. 

3. 0 QUALITY ASSURANCE REQUIREMENTS 
3. 1 Lot 

For purposes of sampling, inspection, test, storage and/or shipment, a lot 
shall consist of each multilayer insulation assembly offered for acceptance. 

3. 2 Sampling 

Each insulation assembly shall be tested for conformance to the requirements 
of this inspection. 

3 . 3 Quali ty As surance Tests 

3. 3. 1 Thickness Uniformity — Thickness shall be determined by placing the 
part on a properly contoured surface and measuring the distance to the sur- 
face of the part from references suspended at known distances from the 
contoured surface. Each thickness measurement shall conform to the 
requirements of Paragraph 2. 3. 


3. 3. 2 Examination — The supplier shall make such inspections as are 
necessary to assure that the requirements of Paragraphs 2. 4, 2. 5, 2. 6, 2. 7 
and 2. 8 are met. 

4. 0 STORAGE AND PACKAGING REQUIREMENTS 
4. 1 Preservation and Packaging 

The insulation panels shall be preserved and packaged in a manner that will 
afford adequate protection against deterioration, contamination, and physical 
damage during storage and/or shipment from supply source to receiving 
activity. 

4. 2 Marking 

Unit, intermediate and shipping containers shall be durably and legibly 
marked with manufacturer's name, designation and lot number and special 
marking, "WARNING-DO NOT CONTAMINATE". Marking shall be 
accomplished in a manner that will not deteriorate, contaminate, or other- 
wise damage the insulation panels. 
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APPLICATION REQUIREMENTS 
FOR 

INSTALLATION OF MULTILAYER INSULATION PANELS 


1. 0 SCOPE 

This document defines the minimum application requirements for the 
installation of prefabricated multilayer insulation panels. 

2. 0 PROCESS REQUIREMENTS 
2. 1 Environment 

All operations related to installation shall be performed in an area and 
manner which meets the minimum requirements of the fabrication operation. 

2. 2 Materials 

The materials used for insulation and fastening shall be as specified on the 
design drawing. 

2. 3 Surface 

The surface to receive insulation shall be maintained free of oils, grease, 
dirt, fingerprints, or other foreign materials. 

2. 4 Application of Insulation 

2. 4. 1 Insulation Configuration— The panel configuration shall be as specified 
on the design drawing, 

2. 4. 2 Panel Positioning — Panels shall be placed on attachment pins in a 
manner that ensures alignment as specified on the design drawing with no 
panel buckling or other distortion. 


2, 4. 3 Mechanical Loads — The panels shall not be subjected to mechanical 
loads which permanently alter the thickness of the fabricated panels. 

2. 4. 4 Blanket Joining — The lacing and Velcro patterns shall be as specified 
in the design drawing. Lacing and Velcro strips shall be applied in a manner 
to close adjacent butt joints with maximum contact but no overlap. No 
materials or procedures other than those specified in the design drawing 
shall be used to join insulation blankets. 

2. 4. 5 Workmanship — The installed insulation shall be free of rips, cuts, 
tears, dirt, oil, grease, fingerprints, or other foreign materials or defects 
detrimental to performance. 

2. 5 Examination — The supplier shall make such inspections as are necessary 
to determine conformance to the process requirements. 

3. 0 STORAGE REQUIREMENTS 
3. 1 Preservation 

The installed insulation panels shall be preserved in a manner that will 
afford adequate protection against deterioration, contamination and 
physical damage during storage. 
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